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GENERAL INTRODUCTION  
 
In recent years, the demand for energy over the world increases dramatically, which exhausts 
the available fossil energy sources. This imbalance has stimulated many countries to search 
for an alternative energy sources. In this framework, renewable energies are the most desired 
sources that can cover continuously the world's growing resource demands. They are 
considered also as environmentally friendly sources as compared to fossil energy sources.  
Many countries aim to make renewable energies as the source of the largest portion of their 
energy requirements. Several of incentives are imposed to force the world moving toward 
clean and renewable energies. 
The European Parliament climate and energy package law is employed since June 2009. This 
law involves firstly, that by the year 2020; at least 20% of the European Union's energy 
consumption should be provided by renewable resources. Secondly, the ratio of greenhouse 
gas emissions should be reduced at least by 20% from 1990 levels [1].  
European Union leaders propose a chart to reduce the global greenhouse gas emitting, which 
consists in obliging the energy consuming countries to respect a given ratio of reduction in 
proportion to their gas emission ratio. In order to meet these environmental standards, 
research into renewable energy technologies must be followed.  
Typically, the word resource reserves decline proportional to the energy demand, much 
research is devoted to finding practical energy alternatives. 
Wind energy has appeared as one of the most used new energy sources, while other sources -
except solar energy- are less investigated. Newly, the research moves toward the kinetic 
energy of water currents in oceans, due to the fact that it is environmentally benign. This 
source has been accepted as a renewable and clean energy. Additionally, contrasting many 
other renewable resources, tidal energy is also very foreseeable. The world extracts from this 
source approximately      with      in accessible areas for the installation of energy 
extracting devices [2]. 
Currently, the flow control is one of the major challenges in hydro/aerodynamics sector. 
Indeed, whether for automotive or aerospace applications, the goal is to develop engineering 




In this context, the issue is the ability to manipulate a flow to eliminate or minimize the 
negative effects such as drag and noise and to enhance the positive effects such as the lift or 
turbulence for increased mixing characteristic. For over a century, the dynamic stall 
phenomenon was intensely studied; in fact, it is responsible for the structural vibration and 
aero-acoustics noises which are harmful factors for many industrial applications. This flow 
separation caused by an adverse pressure gradient, or by a geometric rupture, is accompanied 
by a huge deterioration in the aerodynamic performance. To improve the performance of such 
applications, and approach the optimal operation condition, it is important to correctly predict 
the mechanisms that accompany this stall such as the transition of the flow and the turbulent 
agitation, to choose the appropriate flow control strategy. 
Various methods are available to control the flow separation, they can be classified into two 
categories namely: passive methods which consist in performing a slight modification in the 
system geometry to manipulate the flow field without using an external energy and active 
methods consist in introducing, an amount of energy from the outside environment (generally 
in the form of momentum). Interesting active methods which are relevant to animal 
propulsion and maneuverability features are the Bio inspired flow control techniques, they 
have a grown interest in many areas, but there are no rules to determine their effects on a 
system other than a wide parametric study. In fact, the effectiveness of these techniques 
depends on many parameters such as: geometry, frequency and location. Their utilization 
systematically requires a large parametric study which doesn‟t ensures, however, that the 
optimal operation is reached. 
In recent decades, the growth of computing capabilities has allowed the development of a new 
branch of numerical methods called the Computational Fluid Dynamics (CFD). This tool is 
used to develop and test new concepts, while avoiding the constraints of time and finance that 
are required in the experimental tests. 
This thesis is divided into three chapters: 
The thesis is initiated by a bibliographic review on the different types of vertical axis wind 
turbines. The review also draws a detailed analysis of the vertical axis wind turbine 
conception with its operating principle and the associated parameters.Then it recorded the 




The second chapter is devoted to explain the turbulence modeling and numerical approaches 
used to solve the Navier-Stokes equations. General descriptions of the CFD methods and the 
suggested vertical axis wind turbines VAWT‟s models including their constituents and their 
dimensions are provided. Next, a discussion about the flapping-wings motion and their 
control parameters is carried out. Two approaches of flow control are investigated, flow 
control by using backward flapping wings and flow control by the means of flapping flexible 
wings. 
The third chapter addresses firstly, the flow over a rigid vertical axis wind turbine, in order to 
understand the phenomena occurring during the turbine stall. This case is used as a 
comparison reference for the different results obtained in this study. 
This chapter shows the results obtained accompanied with the necessary commentaries for 
their interpretations. It is divided into three parts. In the first, we interesting in the effect of a 
simple flexible blade on the performance of a VAWT. The conception is inspired from the 
vortex control mechanism utilized by the aero-aqua animals to improve their performance via 
the flexion of their fins. The second part is related also to flexible blades, in which a camber 
deformation is applied instead of a simple deflection. The third part proposes a dynamic 
control device which consists in the association to each turbine blade, a couple of flapping 
wings, in biplane configuration. Then a comparison among the three tested flow control 
techniques is carried out. 
The thesis is finalized with an overall conclusion and recommended perspectives as an 
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CH I. LITERATURE REVIEW  
I.1. Introduction 
This chapter proposes in the first section, a global vision about the technology of wind energy 
conversation including the different types of wind turbines. It also draws detailed 
examinations of the vertical axis wind turbine conception with its operating principle and the 
associated parameters. A bibliographic review on the different physical phenomena occurring 
during the turbine stall is delivered.  
The second section provides a summary about the flow control techniques and their 
classification. 
I.2. Renewable energies  
Renewable energy sources involve natural phenomena that are inexhaustible such as sunlight, 
wind, tides and geothermal heat (Fig.I.1). Solar and wind power are the most used sources 
among the various sources of renewable energy. In addition to their environmentally friendly, 
the two kinds of alternative sources are expected to generate the most of the world‟s 
electricity within the next 50 years. 
 
Fig.I.1.Global renewable power capacity excluding hydro energy [2] 
I.2.1.Wind energy  
Wind energy has the potential to cover the increasing power request of the entire world if it is 
exploited effectively. It will be the most common renewable energy source; due to its 
accessibility. As an environmentally friendly and clean source, wind is furthermore receiving 
CH.I. Literature review 
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importance in energy policy. There are certain factors that obstruct the development of this 
technology like its lower efficiency and high installation cost. Nonetheless the high cost could 
be lowered if we move toward small scale turbines that can be constructed and installed easily 
anywhere. 
I.2.2.Wind energy utilization  
In reality, a small part of the world electricity consumption is currently provided by the wind 
sources. In fact, it is presently less than 4.5% of world electricity consumption [1]. 
Nevertheless, it still has a growing interest and its contribution in electricity generation 
increasing quickly but, it will still generate insufficient portions of world electricity 
requirements by 2030. Increasing concern about the lack of resources, and the inability to 
cover the increasing demand of energy, also the concern about the serious global climate 
change makes it imperative for the world to find viable energy alternatives. Extracting energy 
from certain of the renewable energies may not be practicable or sustainable, some are local 
and limited. So solar and wind are the only sources that can be advantageous.  
The World and European Wind Energy Associations, outlined that the connected global wind 
capacity reached 158.9 Giga-watts by the end of 2010 (Fig.I.2), a portion of 3,000 MW is 
located offshore. World wind power generation capacity in 2011 reached 238.4 GW, which is 
33% higher than the previous two years. 
 
Fig.I.2 Global cumulative capacity of wind energy [3] 
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In United States of America, renewable energy sources provided about 12% of its total 
electricity generation in 2013. The hydroelectric power (30%) ranks first, followed by 
biomass (25%) and wind (19%) [3]. According to U.S. energy reports, US wind power 
generation capacity in 2005 was 2.5 GW; it had grown to 13 GW by 2012 (Fig.I.3). 
 
Fig.I.3. Annual and cumulative growth in U.S. wind power capacity [3] 
Expected and Actual Installation of Wind Energy by U.S. Department of Energy (DOE), 
China has the highest capacity in wind energy generation (Fig.I.4), followed by the United 
States, Germany and Spain [3].   
 
Fig.I.4 Wind energy generation capacity by country [3] 
 
CH.I. Literature review 
7 
 
I.3. Vertical axis wind turbines (VAWT) 
The first design was proposed in 1925 by the French engineer Darrieus and patented officially 
in 1931 [4]. It was considered as a promising concept for modern wind turbines. This type of 
turbines is composed of blades driven by the lifting forces. The axis of rotation is 
perpendicular to the incident flow (Fig. I.5).In Darrieus patent two conﬁgurations: curved and 
straight blades were exposed.  
This type of turbines is less likely than the horizontal turbines type. The advantage of VAWT 
is the insensitivity to the flow direction. Which means it doesn‟t require the orientation 
according to the flow direction; another advantage is the possibility to stack several turbines 
on a common axis of rotation with the same generator. As for the HAWT, the rotational 
velocity is controlled according to the incoming flow velocity.  
 
Fig.I.5. Darrieus patent in 1931: (a) curved blades and (b) straight blades. [5] 
From the first concept proposed by Darrieus, several variations for both, the curved and 
straight-blades conﬁgurations have been developed as shown in Fig.I.6. There are several 
variations of the curved conﬁguration such as guy-wired, ﬁxed on tower and cantilevered 
versions and for the straight-blades one, there are: diamond, V/Y and delta (D). Details on the 
topic are available in the following sections. 
I.4. Different types of VAWT 
Several innovative vertical axis wind turbines designs were developed and succeeded in the 
use of aerodynamic lift. For the currently available designs, there are some problems that 
obstruct the optimum harvesting of energy, including low starting torque, low blade lift forces 
and low efﬁciency. This fact, still stimulates the engineers to coming up with many new and 
innovative designs to resolve these problems associated with VAWTs. A detailed review of 
VAWT conﬁgurations available till now is presented in this section. 




Fig.I.6. Timeline of Darrieus VAWT development [5] 
I.4.1 Egg-beater type Darrieus wind turbine 
This type is known by its blades that are set as arms of an egg-beater as depicted in Fig.I.7 
The ﬂow around the blades is basically unsteady. The egg-beater type geometry ensures a 
minimum bending stresses in the blades [5]. Due to its mechanical reliability and high 
coefﬁcient of performance, commercial turbines of 3.8 MW have been realized in Canada [6]. 
This project is among the ﬁrst investments to produce energy at large scale. However, the 
high costs of manufacturing such complex geometry of blades have limited the turbines 
production at commercial scale. 




Fig.I.7. Egg-beater type Darrieus wind turbine [7]. 
I.4.2 Straight bladed type Darrieus wind turbine 
These types of turbines have the highest values of efﬁciency as compared to other types of 
VAWTs .But suffer from problems of low starting torque. These types have straight blades 
having airfoil cross section, they are also known as Giromill wind turbines (see Fig.I.8(a)). 
From commercial point of view, the commercial VAWTs have a number of blades that 
increases from one to five. However, two and three bladed conﬁgurations are the most used. 
Two blades turbines are frequently known as H-rotor [8, 9].  
 
Fig.I.8. (a) Straight bladed type Darrieus wind turbine (b) Variable geometry oval trajectory 
(VGOT) Darrieus turbine [10, 11]. 
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I.4.3 Variable geometry oval trajectory (VGOT) Darrieus turbine 
Typically, Darrieus rotor is characterized by low tip speed ratios, which obstruct the use at 
very large scale. To cover this gap, Ponta et al. [12] proposed a model that can generate power 
at large scale. The proposed concept consists in blades that move on rails, on an elevated rail 
track instead of rotating around a central rotor. The blades have wheels fixed in the base and 
coupled with electrical systems to generate electricity. The innovative design ensures the 
generation of power at large scale through vertical axis wind turbines (see Fig.I.8(b)). It 
provides a high efﬁciency (about 57% for the optimum design conﬁgurations) and improves 
structural stability and eliminates the issues of low starting torque. Ponta et al. [12] suggested 
numerical models for the analysis of VGOT Darrieus turbine. To evaluate the performance of 
this conﬁguration, three dimensionless constants known as: equivalent power coefﬁcient, 
equivalent solidity coefﬁcient and trajectory efﬁciency were introduced. The power 
coefﬁcient (CP) is estimated for different number of blades „N‟. The results indicated that the 
turbine with higher number of blades (N = 120–160) has good efﬁciency at low tip speed ratio 
(∼2) while at higher TSR, a number of blades between N = 60 and 80, provides improved 
efﬁciency. 
I.4.4 Darrieus–Masgrowe (two-tier) rotor  
This conﬁguration was proposed by Gorelov and Krivospitsky [10]. It named Darrieus–
Masgrowe rotor (Fig.I.9). The turbine consists of two tiers having two or three blades in each 
tier. The new conﬁguration has the same mechanism of energy harvesting as other Darrieus 
rotors.  
 
Fig.I.9. Darrieus–Masgrowe (two-tier) rotor [13]  
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By the same mechanism as a variable pitch rotor, the two-tier conﬁguration enhances the 
turbine capability to self-start at wind velocity as low as 1.6–2 m/s with efﬁciency of 39–40% 
Gorelov and Krivospitsky [10] outlined that the turbine indicated self-start with blades having 
large width. Additional studies are necessary to verify the feasibility of this conﬁguration for 
large scale applications. 
 I.4.5 Crossﬂex wind turbine 
From point of view of architectural aesthetics, the use of all earlier conﬁgurations of VAWT 
is not appropriate. Moreover their use on high rise buildings is limited by the structural design 
requirements. Sharpe and Proven [14] offered a model named Crossﬂex wind turbine as“true 
building integrated wind turbine”. The previously familiarized concept of Darrieus wind 
turbine is used in an innovative conﬁguration. The conventional Darrieus type turbine is fixed 
within a frame and several such units are typically combined together. Crossﬂex turbine 
installed on a building is shown in Fig.I.10. Sharpe and Proven [14] drawn that the efﬁciency 
of the turbine was improved by using “low inertial mass design”. The bending stresses also 
can be reduced by using flexible blades. The turbines are fixed to a strong support which leads 
to lower vibrations. As the case with other VAWTs, the turbine energy extraction efficiency is 
not affected by the wind directions. This simplicity allows the installation of these turbines  at 
various locations on a building which leads to greater installed ability per building, for 
example, it can be fixed at all walls and corners. 
 
Fig.I.10. Crossﬂex wind turbine. [14] 
This type of turbines has already been tested at Newberry tower in Glasgow, Scotland. Sharpe 
and Proven [14] drawn that this type of turbine is appropriate only in the areas where the wind 
velocity surpass 14 m/s. which suggest that the turbine can only be used in high rise building; 
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furthermore, this configuration is not applicable in wind farm arrangements due to low free 
stream velocity.  
I.4.6 Two leaf semi rotary VAWT 
Zhang et al. [15] proposed two leaf semi-rotary VAWT with two blades at an angle of 90◦. An 
illustrative image is shown in Fig.I.11. This turbine is characterized by a higher wind energy 
extraction coefficient, the variable pitch blades improves the turbine self-starting capabilities. 
Advantages such as simple construction, ease of installation and maintenance make it more 
suitable for difficult terrain [15]. The turbine suffers from structural vibration of the blades of 
large sized models and at high wind speeds. 
 
Fig.I.11. Two leaf semi rotary VAWT [15] 
I.4.7 Savonius rotor 
This type is classified in the drag driven turbines type, in which the movement is created by 
the drag force (Fig.I.12). A first technology based on the principle of the wheels of Grinder 
driven by water: the drag affecting the submerged blade is greater than that affecting the blade 
out of the water, which creates a torque and rotates the wheel. This principle is the oldest used 
one but it is not the most efficient to maximize the harvested energy.  
In the case of Savonius turbines types, the rotation is created by two (or more) half cylindrical 
buckets slightly skewed. Because of its concave surface the drag affecting the bucket coming 
down the wind is greater than that affecting the bucket which rises, thus creating a torque. The 
rotation starts at low speed with a high torque that varies sinusoidal during the rotation. 
However, the performances of this type of machine are quite low in practice. Generally, these 
machines are not ideal for high power wind farms because the ratio of installed capacity and 
the useful area. The advantages of the Savonius turbine are: robustness, insensitivity to 
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orientation and self-starting at low incoming flow velocity compared to other „Lift type‟ 
VAWTs [16].The use of such type of turbines in commercial scale requires an efﬁcient 
designs. Mohamed et al. [16] provided research that deals with the design optimization of 
Savonius rotor with the objective to commercialize this turbine type. They use an obstacle in a 
Savonius rotor to improve the efﬁciency of the rotor. The higher value of power coefﬁcient 
was 0.3. Furthermore, the shape of the rotor was optimized and the power coefﬁcient was 
rising about 30% in the total operating range [16]. The authors carried that the realizable k–ε 
model are in good agreement with the experimental results. 
  
Fig.I.12. Savonius rotor [17]  
I.4.8 Combined Savonius and Darrieus rotor 
To take advantages of both Savonius and Darrieus rotor‟s, a new combined configuration is 
developed. Savonius rotor provides high value of starting torque while Darrieus rotor offers a 
low value. From efﬁciency stand point, Darrieus rotor is more effective than Savonius rotor 
[18]. Several authors have investigated the combined Savonius and Darrieus rotor (Gavalda et 
al. [18], Gupta and Biswas [19] and Debnath et al. [20]).It was shown that the power 
coefﬁcient can surpass the barrier of 0.35 for different combination [20].Furthermore, the new 
configuration (Fig.I.13) ensures a high torque coefﬁcient which interpreted by the ability to 
self-start at low wind velocity. Further investigations are absolutely required to confirm the 
validity of these results for large scale commercial applications. The variation of power 
coefﬁcient (CP) against tip speed ratio (TSR) was carried out by Debnath et al.[20].It was 
detected that for TSR > 0.36 the CP was increased to 0.33. Wakui et al. [21] investigated the 
generator systems of this type of turbine through simulations and concluded that a custom 
system should be considered to ensemble each turbine conﬁguration. 




Fig.I.13. Combined Savonius and Darrieus rotor [18] 
I.4.9 Sistan type wind mill 
The Sistan wind turbine is a drag force driven turbine. Muller et al. [22] have studied the 
aerodynamic behavior of these turbines. An illustrative image of this model is shown in 
Fig.I.14.These turbines can easily building which increases the possibility of 
commercialization. Muller et al. [22] have improved the traditional turbine designs efﬁciency 
about 30% by adding disks at top and bottom of the rotor. Also, it is advised that an increase 
in the turbine blades from 4 to 6 can increases the efﬁciency by 6 to7%. The ability to self-
start is typically present in fact the turbine is a drag type wind turbine. Further research is 
necessary in the ﬁeld to properly identify the optimum conﬁgurations for the turbine. 
 
Fig.I.14. Sistan type wind mill [21] 
I.5.Types of support structures for curved- and straight-blades Darrieus VAWTs. 
Actually, there is no speciﬁc support structure for the vertical axis turbines. Nevertheless, 
curved-blades conﬁguration with cable or guywires support has been intensely investigated in 
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the US and Canada. However, different forms of supports have been realized for both curved 
and straight blades VAWTs, as depicted in Fig.I.15. the four support types that are illustrated 
are appropriate for  both straight and curved blades conﬁgurations.  
Guy wires support (A) has been extensively used for phi-rotor. This support cannot be easily 
instaled on top of the rotor tube in straight-blades turbine without extending the rotor tube . 
Otherwise, for straight blades conﬁguration ,a combination of cantilever support and guy 
wires (B) is already tested. Due to the negative contrubution of wire tension which increases 
the axial load and the vibration, the Guy wires support has been considered as not preferable 
[23,24].Also the use of wirs to fixe the turbine requires large land area. 
 
Fig.I.15. Types of support structures for curved- and straight-blades Darrieus VAWTs.[5] 
 
In the third support type (c), the turbine blade is fixed on the tower which necessitates a 
specific type of generator, in fact the generator stator coils are mounted on the tower's 
stationary shaft, while generator rotor are fixed to the lower hub of the rotor shaft. 
The Cantilevered-rotor (D) showed a great efficiency , compared to other types due to its 
resistivity to axial loades also to its simple manufacturing and maintenance. Among these four 
types, cantilevered-rotor is the most promossing model for the future of Darrieus VAWT. 
I.6.Horizontal axis turbines  
It is currently the most utilized turbines, it consist of helices in which their axis of rotation are 
parallel to the incident flow (Fig.I.16). These turbines are known also as axial flow turbines. 
The turbine must face the flow to achieve an optimal performance which requires a system of 
orientation to be positioned optimally when the current direction varying. The angular 
velocity of the blades is controlled to optimize the energy produced depending on the 
incoming flow velocity. An electric generator recovers directly the torque provided by the 
rotational axis of the turbine. 




Fig.I.16. Components of HAWT system [25] 
I.7. Comparison among different turbine efficiency’s  
 
Fig.I.17. Comparison among different turbine efficiency‟s [26] 
Fig.I.17 compares among the power coefficients of different types of wind turbines as a 
function of the tip speed ratio which is given as the ratio between the tangential velocity of the 
blade's tip and the wind velocity. Typically, the power coefficient explains why the HAWT 
are preferred for the electricity generation however; other parameters must be taken into 
account such as the building coast and the easy maintenance.  
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I.8.VAWT turbine parameters  
 
(a) 3D schematic                                           (b) 2D cross section 
Fig.I.18. 2D cross section from the turbine 
 Tip speed ratio (   
Several key points must be considered in the design of a wind turbine. The power coefficient 
is strongly dependent on the tip speed ratio, which is defined as the ratio between the 
tangential velocity of the blade's tip and the wind velocity, the flow regime is generally 




                        I.1 
Where   is the turbine radius,  represents the incoming wind velocity,  is the turbine 
angular velocity  
 Reynolds number (Re): 
The Reynolds number is a non-dimensional number characterizes the ratio between the 
inertial and the viscous forces, it is given as: 
 
   
  
 
                                                                             I.2 
 
With:   is the characteristic length and   is the fluid cinematic viscosity. 
For the VAWT we can distinct two Reynolds number relative to the turbine diameter 
    
  
 
                         I.3 
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Or relative to the blade cord   
    
     
 
 
     
 
       I.4 
 The blade airfoil type  
The NACA 4-digit series are frequently used to create airfoils. In fact this type of airfoils has 
improved aerodynamic characteristics which are appropriate for the VAWT construction. For 
example they have a good stall characteristics and little roughness affect, relatively low drag 
and a high lift coefficient. A specific analytical equation is used to generate the camber 
(curvature) of the mean-line (geometric centerline) of the airfoil section and also the 
distribution of section thickness along the length of the airfoil. 
 
Fig.I.19. Airfoil terminology 
 Turbine solidity 
It is used to evaluate the effect of the mutual aerodynamic interactions that are due to the 
wakes produced by the blades. These interactions are a function of flow angle of attacks and 




            I.5 
 Power coefﬁcient      
It is well known that the available power is different from the useful power. For a VAWT 
having a height H, and a given number of blades, and subjected to a current of incoming 
wind of velocity U. Then the generated power P is [28, 29]:  
  ∑                                                                         I.6 
Where   is the turbine angular velocity and    is the blade torque relative to the turbine 
center. 
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The power coefﬁcient    is given by  
   
 
       
                                                                   I.7 
Where   is the generated power,   is the ﬂuid density and   is the turbine diameter.  
 Moment coefﬁcient      
The blade‟s moment coefﬁcient    is deﬁned as 
   
 
        
           I.8 
Where  present the rotor torque and   is the rotor swept area. 
 Drag and lift coefﬁcient          
Generally, the drag force is defined as the net aerodynamic force acting opposite to the flow 
direction and the lift force as the force that is perpendicular to the oncoming flow direction. 
 
Fig.I.20. Drag and lift forces presentation. 
 
For a vertical axis wind turbine, the lift and drag coefﬁcients are computed respectively 
according to: 
     [        ]    [        ]                                                       I.9 
And 
     [        ]    [        ]                                           I.10 
 
Where    and    are given as: 
   
  
       
                         I.11 
And  
   
  
       
                       I.12 
Where   and    are the forces acting along the   and   direction respectively. 
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 The flow incidence angle   is given by 
        
    
      
                                                                   I.13 
Where   is the tip speed ratio. 
And W is the relative wind speed given by[27]: 
   √                                                      I.14 
 For an actively deformable blade, the power input is computed by integrating the pressure 
and the viscous forces on the foil surface [30]. 
 
Power input = 
 
 
∫ ∮       
       
  
     
 
 
∫ ∮       
       
  





                                 I.15 
 
Where        and        are the forces components acting on the foil surface respectively in 
x and y directions, and dl is the elementary length along the blade surface. 
 




   
                                                                   I.16 
 
Where     represents the power input coefficient given as: 
 
    
           
       
                                  I.17 
 
I.9. Dynamic stall 
In order to understand clearly the mechanism of dynamic stall and before an introduction to 
static stall a short recall about the aerodynamic performance of airfoil sections will be 
providing ﬁrstly in the following section. The aerodynamic performance of an airfoil can be 
studied by evaluating the lift forces which is due to the difference in pressure between the 
upper and lower surfaces (Fig.I.21).  
The pressure distribution is usually expressed in terms of pressure coefficient:  
 
    
    
      
           I.18 
   is the ratio of the difference between local static pressure and free stream static pressure, 
and the free stream dynamic pressure.  
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The    starts from about 1.0 at the stagnation point near the leading edge and it increases 
quickly on both the upper and lower surfaces. Finally it recovers to a small positive value of 
   near the trailing edge. The pressure distribution can be divided into various parts which 
are : 
 
Fig.I.21. Various parts of pressure distribution  
1. Upper surface: where a negative pressure occurs along the airfoil surface.2 Lower surface: 
it carries a positive pressure generally, but some suctions (negative   ) on the lower surface 
are present near the mid chord for particular airfoil types. 3. Pressure recovery: the pressure 
increases from its minimum value to the value at the trailing edge. This area is also namely 
the region of adverse pressure gradient. The adverse pressure gradient is the mean raison of 
boundary layer separation, if the gradient is too high. 4. Trailing edge pressure: it is affected 
by the airfoil thickness near the trailing edge. For thick airfoils the pressure is generally 
slightly positive.  
I.10. Types of stall  
I.10.1. Static stall 
Crimi [31] carried a short introduction for static stall. The static stall phenomenon can be 
divided into three forms of stall: trailing edge stall, leading edge stall and thin airfoil stall. A 
grouping of leading and trailing edge stall is also probable. Fig. I.22 displays the ﬂow over an 
airfoil in different situations. In Fig.I.22 (a) the ﬂow is completely attached to the airfoil and 
no separation occurs. There is only a small laminar separation bubble near the leading edge 
that can form at a low incidence angle (2). Due to its small dimensions this bubble has a 
minor effect on the pressure distribution.  




  Fig.I.22: (a) Attached ﬂow (b) Leading-edge stall (c) Trailing-edge stall [31] 
At the transition point (3) the boundary layer will move toward the turbulent status, 
nevertheless it will re-attach to the airfoil due to an increase in energy. Typically, a vortical 
wake (4) will be formed. When the flow angle of attack increases, the leading edge bubble 
moves towards the leading edge and grows in size until its final explosion, this behavior 
known as leading-edge stall. It consequences a full separation interpreted by a sudden loss in 
lift (Fig.I.23). Finally a turbulent region (4), a straight wake (5), and shear layer are recorded.  
The trailing edge stall (Fig.I.22 (b)) is a combination of the aforementioned attached ﬂow, and 
the leading-edge stall mechanism. A laminar separation bubble is formed in the laminar flow 
case. At the transition point (2), the ﬂow will reattach when the boundary layer became 
turbulent. 
At a certain moment (3) the turbulent boundary layer will detached from the airfoil surface 
and therefore a turbulent shear layer will be formed (4), where outside this layer, the ﬂow is 
considered always as a potential flow which is characterized by an irrotational velocity field. 
Point (5) displays the pressure recovery region and point (6) shows the formation of vortical 
wake.  
The thin-airfoil stall is another form of stall that occurs only in thin airfoils this stall is 
described by a laminar separation bubble bursting at very low AoA. Similar to leading edge 
stall mechanism, this bubble will not move forward before bursting, but will grow 
progressively before the boundary layer separation. The lift is less steep, and the separation 
occurs earlier than in leading edge stall state. 
 
(a) (c) (b) 





Fig.I.23. Lift behavior for different stall types [31] 
I.10.2. Dynamic stall 
The difference between static and dynamic stall is that the dynamic will occur on airfoils that 
are subjected to unsteady conditions. According to Larsen et al. [32] the first step of dynamic 
stall phenomenon is the development of a leading edge separation bubble. In this case two 
types of boundary layer separation can occur simultaneously which will also result in two 
different lift curves. The first type is that the boundary layer will reattach due to the turbulent 
layer behind the bubble. The second one is that the flow will separate completely at the 
bubble without attached to the suction surface.  
With increasing AoA, the leading-edge vortex will keep growing linearly; simultaneously a 
suction zone will be created. Due to this suction zone, the lift will keep on increasing. At a 
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given point, the vortex will detach from the leading edge, and it will be transferred 
downstream the airfoil with a speed of approximately equal or slightly less than the incoming 
flow velocity. The lift is still growing as long as the vortex is staying near the suction surface. 
 
 
Fig.I.24. Lift, moment and drag coefficients under static and dynamic stall [33] 
During the decreasing AoA‟s the ﬂow will re-attach again from the leading edge. While for 
very low values of AoA‟s, the separation point will slowly move backwards, and the 
separation zone continuous in decreasing until a full attached ﬂow state. During this process 
of re-attachment, the lift generated by the airfoil will be lower than that in the static case for 
the same AoAs.  
Fig.I.24 depicts the lift, drag and moment curve of an airfoil in dynamic stall. It represents a 
summary of the unsteady aerodynamics that discussed previously. Between point 1 and 2 an 
attached ﬂow is recorded on the airfoil. The lift surpasses the static polar. The leading edge 
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vortex appears at point 2, and grows until point 3. This vortex contributes in a linear increase 
of lift, and consequently induces a larger drag and moment on the airfoil.  
At point 3 the vortex will separate and move downstream. The large suction zone that formed 
provides increasing lift. The drag and moment curves show big changes at this point. Due to 
the vortex moving along the airfoil the moment curve drops extremely, and the drag 
coefficient will increase radically. 
 At point 4 the leading edge vortex reaches the trailing edge, and the lift decreases; however 
the moment coefficient slightly increases again. At point 5 the trailing edge vortex formation 
can be registered where the lift will increase a little for a second time, and the moment 
coefficient drops again. A flow re-attachment happens at point 6. McCroskey [33] outlined 
that an airfoil having a relatively sharped leading edge, is more likely to control dynamic stall. 
This can form a leading-edge vortex, which will ultimately improve lift as shown in Fig.I.24. 
I.10.3. Dynamic stall in Darrieus turbines 
Dynamic stall occurs often on VAWT due to its rotary conﬁguration. This is the results of 
several causes: the variation of AoA over one rotation, the ﬂow curvature and the operating 
range of tip speed ratio TSR.  
 
Fig.I.25. Variation of AoA versus azimuthal positions [27] 
The AoA is determined by the rotational speed and the free stream velocity resulting in an 
induced ﬂow behavior. 
Fig.I.25 shows the variation of AoA at azimuthal positions varying from 0 to 360°. This plot 
was made for a turbine with different TSR [27]. As explained previously, cyclic AoA‟s cause 
a dynamic stall especially in the regions between 0-180°.The ﬁgure shows that the 12° value 
which is the frequently the value of the static stall is never reached for TSR > 5. This value is 
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a typical nominal tip speed ratio for a VAWT wind turbine, showing that only a slight stall 
regime can occur. 
 
Fig.I.26.Visualization of dynamic stall at λ = 2.14 [33] 
As it is mentioned previously, the Darrieus type wind turbine is particularly subjected to 
dynamic stall, due to the large change in angle of incidence, especially at low tips speed 
ratios. When the blades achieve a complete round, the blades in the downstream part of the 
turbine are inﬂuenced by the wake resulting from the upstream blades. The understanding of 
the mechanism by which dynamic stall and the resulting wake influence the turbine efficiency 
is therefore important. By using a water channel, Brochier et al [34] performed visualizations 
of the dynamic stall for the VAWT, visualizations were carried by means of Laser Doppler 
velocimetry (LDV) and hydrogen bubbles at a Reynolds number of 10,000 and tip speed 
ratios varying from 1 to 8 on a Darrieus turbine having two NACA 0018 blades. The results 
for λ = 2.14 are depicted in Fig.I.26. A counter clockwise vortex is formed at the leading edge 
of the blade. Another vortex, turning in the counter clockwise direction, initiates form the 
trailing edge. This shedding forms the illustrating counter rotating vortices, that move 
downstream to interact with the second blade. The same behavior is shown by measurements 
made in a water channel using particle image velocimetry by Fujisawa and Shibuya, [35] on a 
one NACA 0018 blade Darrieus turbine. The ﬂow pattern is depicted in Fig.I.27.and Fig.I.28. 
The shedding vortices are clearly visible. Two types of stall vortices are recovered. The ﬁrst 
one is formed at small blade angles and grows in the wake. The second one is formed at large 
blade angles and will follow the blade trajectory. As the angles of incidence are larger at 
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lower tip speed ratios, the dynamic stall is more acute. As it is illustrated in the figure, large 
vortices are detached which produce a deep stall. At higher tip speed ratios, the dynamic stall 
will become ineffective. Even if dynamic stall will improve the performance of the turbine, it 
has certain negative influence. Such as noise, aero-elastic vibrations and blade fatigue. Both 
investigations show a large irregularity in the ﬂow properties inside the turbine. The blades 
interact with the wake in only a part of the cycle. In this part they will experience extremely 
turbulent ﬂow. 
 
Fig.I.27. Flow visualization at four diﬀerent positions, [35] 
 
Fig.I.28. Schematic illustration of the dynamic stall for diﬀerent λ, [35] 
I.11. General notes about the flow control 
Controlling a flow means all operations that involve modifying the properties of the flow to 
bring it to a desired state. Such action is usually applied near the wall which can be an 
addition of fluid mass, energy or momentum. Currently, it is the newest subject in fluid 
mechanics research. The interests in producing systems that operate in controlled flow are 
multiple. The control strategy is determined by the chosen objective. The control may be used 
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to reduce the wall friction, delay the transition, increase the mixing for heat and mass transfer 
and reduce noise or vibration. 
I.11.1.The challenges of controlling flows   
For both the civilian and military sectors, manipulating the flows has many goals. In the 
civilian sector, the issues are essentially economic. A 10% reduction in drag of a civilian 
aircraft causes a reduction in fuel consumption of 50 million liters during the aircraft life 
cycle. McLean et al [36] outlined that the use of synthetic jets to control the flow over a 
Boeing 737-700 would reduce its weight of 2.87% and the operating costs about of 0.74%.  
 
Fig.I.29. Engineering goals and corresponding ﬂow changes [38] 
Gomes, Crowther and Wood [37] estimated the electrical power needed for the flow control 
on an Airbus A321. In the case of a control that would replace the slots of the leading edge 
with synthetic jets, the electric power consumed at the takeoff would 200kW for 1653 
actuators for each wing, which represents 70% of the electrical power available from the 
auxiliary generator of power. In the case of actuators placed on the trailing edge flaps in order 
to improve their performance, the consumed electric power is 70 kW for 213 actuators by 
wing, which represents 30% of the generator power. These numbers show that for the current 
state, the power needed for a control with synthetic jet is acceptable and it is already 
compatible with the use on an airliner. The challenges are also environmental, the guidelines 
delivered by the European Commission on pollution and noise around airports are becoming 
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more severe. A drag reduction is associated with a reduction in consumption which reduced 
emissions. In the military field, the challenges are more technological and focused on 
performance: it is for example included the reduction in landing and takeoff distances but the 
speed of execution is the main objective. 
I.11.2. Relations between the different objectives of control 
A partial representation of the interrelationships between the different control objectives is 
shown in Fig.I.30. The flow around an airplane wing can illustrate precisely this idea of 
interrelations goals. Indeed, when the boundary layer becomes turbulent, it resists separation 
and therefore the lift increases significantly. Nevertheless, for a laminar flow the drag due to 
the friction is lower than that of the turbulent cases [38]. A delay of the transition results in a 
reduction of the wall friction and induced noise. The laminar boundary layer can resist only 
small negative pressure gradients in terms of separation. Therefore, a reduction of the lift is 
necessarily accompanied by an increase in the shaping drag. 
I.11.3. Classiﬁcations of flow control methods  
There exist many classiﬁcations for ﬂow-control methods. One is based on the location of the 
actuator; if it is applied at the wall or away from it. Among the control strategies that locate at 
the wall: rigid-wall motion and heating or cooling the wall surface [38]. The use of control 
mechanisms located away from the wall can also be useful. Among these control strategies: 
acoustic waves that bombing the shear layer from the outside, also there is a method based on 
handling the free stream turbulence levels. The ﬂow-control methods can also be classified 
based on the energy consumption or the input power. As shown in the schematic in Fig.I.31, a 
control device can be passive, requiring no auxiliary power and no control loop, or active, 
requiring energy expenditure. As for the action of passive devices, some prefer to use the term 
ﬂow management rather than ﬂow control, reserving the latter terminology for dynamic 
processes [38]. Active control requires a control loop and is further divided into 
predetermined or reactive categories. Predetermined control includes the application of steady 
or unsteady energy input without regard to the particular state of the ﬂow. The control loop in 
this case is open, as shown in Fig.I.31 and no sensors are required. Because no sensed 
information is being fed forward, this open control loop is not a feed forward one [38]. 




Fig.I.30. Interrelationships between the different control objectives [38] 
 
Fig.I.31. Classification of flow-control strategies [38] 
This point is often misunderstood in the literature and results in predetermined control being 
confused with reactive, feed forward control.  
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Reactive control is a special class of active control in which the control input is continuously 
adjusted based on measurements of some kind. The control loop in this case can either be an 
open feed forward one or a closed feedback loop. Classical control theory deals, for the most 
part, with reactive control. 
I.12. Problematic of active control 
An active control technique means that an amount of energy often in the form of a momentum 
is introduced from the external environment to the flow to change its natural evolution 
towards a desirable state. This effect allows in particular delaying the boundary layer 
separation. The added energy may have multiple sources which can be electrical, mechanical 
or thermal source. 
I.12.1. Flow control by using moving wall 
The concept of this technique is to provide, an amount of momentum that is necessary for the 
flow control by using moving or deforming walls. So, the operation of this control mechanism 
depends essentially on the nature, amplitude and on the frequency of the moving wall. A 
small vibration allows manipulating the developing instabilities in the boundary layer and 
thereby changes the flow overall structures. 
 
Fig.I.32. Various rotating cylinder configuration used to increase lift and delay stall of an 
airfoil [38] 
 
Fig.I.33. Tractor-trailer truck with rotating cylinders [38] 
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Many studies have examined the cylinder movable walls. The separation of the boundary 
layer is delayed, and could even be deleted in the side region of the cylinder if the wall motion 
is done in the same direction as the incident flow. 
 Modi et al [39] have shown the efficiency of this technique for reducing the drag of a wing 
profile and delay the separation around a truck profile. The work of Ericsson [40] highlighted 
a 200% increase in lift and a decrease in the stall angle by placing of rotating cylinders at the 
trailing edge and the leading edge of a profile (Fig.I.32). The motion of the wall produces 
another effect which is the producing of a parietal shear layer that can make the boundary 
layer more resistant to the adverse pressure gradient and thus delay the separation. 
I.12.2. Flow control by suction and blowing 
Typically, Blow or draw a boundary layer can cause a change in the flow. The principle of 
blowing is to add the momentum directly in the boundary layer to delay the separation. This 
can also be achieved by an auxiliary blowing system, such as a compressor or by a slit in the 
leading edge level. The suction of the boundary layer eliminates the layer in which the flow is 
already slowed down before it begins separated. This action causes a strong diversion of the 
flow towards the wall and can regenerate a new boundary layer which is more resistant to 
adverse pressure gradient.  
 
Fig.I.34. Schematic of porous airfoil for suction [38]. 
I.12.3. Thermal control 
The separation of the boundary layer can be manipulated by thermal actuators which animate 
the area near the wall by an amount of heat sufficient to change the density if the fluid is a gas 
or the viscosity if it is a liquid. This effect compensates the near-wall boundary layer with a 
sufficient momentum to make it more resistant to separation. The work of Cassel [41] has 
shown that this type of control has desirable effects from aerodynamic performance 
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standpoint. However, its application is not evident due to the large amount of energy to be 
supplied. 
I.12.4. Flows control by using flapping wings 
Gopalkrishnan et al. [42] have used this strategy to control the flow at the backward of a 
circular cylinder for Reynolds numbers between 500 and 20000. Three basic interaction 
modes have been identified when the profile performs a flapping and a pitching oscillation at 
a frequency close to the cylinder's Strouhal number, Under certain optimal flapping and flow 
conditions, these interactions can lead to the phenomenon of reverse Karman's Street. 
 
Fig.I.35. An oscillating syrnmetric foil placed in the wake of a cylinder oscillating 
transversely [42]. 
Lai et al. [43] carried out an experimental study by using small flapping wing in plunging 
motion to control the separating shear layer in two-dimensional backward. Results show that 
when the foil is close to the separation region, the detached shear layer can effectively 
controlled, which reducing the reattachment length about 70%. 
Jones [44] has described in deep investigation the effect of flapping wings on the flow 
separation control. A small oscillating foil is attached to the trailing edge of a cusped 
stationary airfoil. Results show that the flow separation can effectively controlled when the 
foil starts its flapping movement, and under specific conditions the separation zone disappears 
completely.  




Fig.I.36. Schematic showing experimental set-up for a backward facing step flow[43] 
 
Fig.I.37. Effect of small flapping wing on laminar boundary layer over a flat plat [44]. 
To understand more this fact, he mounted a small oscillating foil close to the trailing edge of a 
large cusped stationary airfoil (this geometry is specially chosen like that to ensure the 
detachment of the boundary layer).  
 
Fig.I.38. Flow separation control around a large stationary wing by mean of flapping wing 
[44] 
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When the small profile is maintained fixe the boundary layer separation is well observed (left 
part in Fig.I.39. This separation zone become small when the small profile begins its flapping 
movement (right part in Fig.I.39) and it can also yield to its total suppression under specific 
conditions of flapping frequency and amplitude [44]. 
After constructed the model showed in Fig.I.39, Jones et al [44] performed experimental tests 
on this design, and concluded that the flapping-wings motion suppresses stall on the 
stationary wing. 
 
Fig.I.39. Stall suppression due to flow entrainment [44].  
I.12.5. Flow control by flexible wing 
Xiao et al. [45] have used an undulation NACA0012 foil to control the flow around a D-
section cylinder. Results show that the drag force  reduced about 57.4% as compared to the 
cylinder without control. 
  
Fig.I.40. Cylinder–Undulation( flexible) foil system [45]  
A flexible wing in a plunging motion was studied computationally by Miao et al. [46] . In 
their investigation, for various Reynolds numbers and reduced frequencies, a systematic 
parametric study is performed on the effect of chord-wise ﬂexure amplitude in unsteady 
aerodynamic characteristics; the propulsive efﬁciency is enhanced for a ﬂapping airfoil with 
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ﬂexure amplitude of 0.3 of the chord length. The study also examine the propulsive efﬁciency 
and thrust under various Reynolds numbers and reduced frequency conditions. The results 
show that the propulsive efﬁciency has a strong correlation with the reduced frequency. the 
highest propulsive efﬁciency  reached at a Strouhal number St of 0.255. 
 
Fig.I.41. Plunge and deﬂection motion of single ﬂexible airfoil [46] 
I.12.6.Other types of active control 
Several other techniques and methods have been extensively tested for experimental control. 
Include sound control that requires the use of sound waves will interact with the boundary 
layer. Control by heating parietal films, so as to locally modify the viscosity of the fluid. Also 
ones can cite the cavitation control and chemical reaction technologies. It is also possible to 
inject at the wall another fluid that has different viscous properties and create a local viscosity 
gradient [38]. 
I.13. Problematic of passive control  
Passive method consists in performing a slight modification of the geometry of the system to 
change the flow field without the need to an external energy. 
I.13.1. Different types of passive actuators  
In Turbulent regime, the boundary layer is more resistant to separation than in laminar 
regime. Thus, the mechanisms used for passive control are designed to force the transition at 
the boundary layer. Therefore, geometric changes that take the form of rough serrated, 
grooved or rounded are placed upstream the separation zone in order to generate disturbances 
that causing the desired transition. 
I.13.2. Passive vortex generators 
The role of the vortex generators, placed in the transverse direction of the flow is to support 
the interaction between large vortex structures in order to increase the mixing and thus the 
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transfer between the rich zone on kinetic energy and the immobile fluid near the wall. This 
type of control is currently used in aviation and in automotive aerodynamics. 
I.13.3. Adding solids 
This type of actuator consist to mount mechanical systems, such as fins or slot placed at the 
leading edge or trailing edge of a wing, to direct the flow towards the immobile fluid area [38] 
to add a momentum that is necessary for the control 
I.14. Conclusion  
In the first chapter, the bibliographic study allows defining the different types of vertical axis 
wind turbines. Furthermore, a detailed analysis of the vertical axis wind turbine conception 
with its operating principle and the associated parameters is carried out. 
 In the second part, general concepts on the flows control are presented. It is apparent that the 
control strategies depend on the nature of the flow. The active control requires an external 
supply of energy in order to manipulate the flow field, the passive control, however, doesn‟t 
require any input power from the external environment. 




CH II: NUMERICAL METHODOLOGY 
II.1. Introduction  
In this chapter, general descriptions of the CFD methods and the suggested vertical axis wind 
turbines VAWT‟s models including their constituents and their dimensions are provided. 
Next, a discussion about the flapping-wings motion and their control parameters is carried 
out. As it is mentioned in the general introduction two approaches of flow control are 
investigated, flow control by using backward flapping wings and flow control by the means of 
flapping flexible wings.  
The CFD methods of all flows types can now be considered as a real "numerical experiences" 
if they made carefully. The advantage of "numerical methods" is that all physical quantities 
related to the flow such as velocity field, pressure field, constraints, etc. are immediately 
available at any point in the flow. In an experiment, obtaining these quantities at any point of 
the field is often impossible or very difficult. The Computational Fluid Dynamics (CFD) 
methods have the advantage of implementing the general equations that govern such flow 
with the minimal of assumptions. They especially solve nonlinear, unsteady and compressible 
equations. The discretization of the Navier-Stokes and the mass conservation equations is 
made on quadrilateral or triangular elements, depending on the complexity of the geometry. It 
leads to a system of coupled non-linear equations. This system can be solved iteratively. 
Before performing any calculation in the CFD software‟s, it is needed to know 
some basic theoretical concepts. These concepts concern the definition of the main 
equations governing the flow and modeling the theory of turbulence.  
The equations that governing the flow are the Navier-Stokes and continuity equations which 
are written for an incompressible Newtonian fluid [47] as: 
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With              is the velocity vector,   is the time,   is the pressure,   is the density 
and    is the kinematic viscosity of the fluid. 
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Several methods such as the method of finite element and finite volumes are recommended to 
solve the Navier-Stokes and continuity equations. The finite volume method is currently the 
basis of several advanced commercial calculation codes in the field of fluids mechanics and 
heat transfer, such as CFX, FLUENT and STAR-CD.  
For the flow in turbulent regime, several modeling schemes are available to model and solve 
the above equations: direct numerical simulation (DNS), the large eddy simulation (LES) and 
the statistical Reynolds average simulation (RANS). The capacity of the computers, the 
complexity of the geometry of the models and the degree of accuracy are the factors that will 
guide us to choose the appropriate schemes. 
II.2. Turbulence modeling  
II.2.1. DNS (Direct Numerical Simulation) 
The equations governing the flow are a mathematical representation of the fundamental 
physical features. The most accurate approach for the simulation of turbulence is to solve all 
equations without any turbulence modeling. The direct numerical simulation is a method that 
solves the Navier-Stokes equations without making any hypothesis on turbulence properties. 
It provides an access to all the flow physical information. The limitation of this method is the 
necessity to generate a mesh, at least, as thin as the smallest vortex appears in the flow. It 
requires, therefore, a large storage memory [47]. 
II.2.2. Statistical approaches (RANS) 
In this approach, the variables describing the motion are decomposed in a statistical average 
value and fluctuations around this average. In a first methodology, the mean motion is 
considered stationary and all the fluctuating movements are considered as random. Averaging 
the Navies-Stokes equations leads to a system of equations for the mean motion. The 
approach URANS 'Unsteady Reynolds Averaged Navies Stokes is the most widely used 
method. This approach often leads, in the case of separated flows, to low predictions of the 
flow proprieties due to the of correction of length scales of turbulent motion used for these 
models [47]. 
II.2.3. Large Eddy Simulation LES 
The approach LES (Large Eddy Simulation) is a compromise between the two previous 
methods. With this method, only the large vortices are calculated and the small scale vortices 
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are modeled by a Sub-Grid Scale Model. This method provides a finer physics because large 
flow structures are more energetic. This method requires fewer resources than the DNS 
approach but much more than the RANS method. The LES method provides access to more 
information about the unsteady flow behavior. The interest of this method is first linked to a 
large reduction in resources requirements compared to DNS and also to the additional 
information provided relative to the RANS approach. 
Another method that can be classified in the Large Eddy Simulation group is the Detached 
Eddy Simulation (DES) which is a hybrid method, consists of combining a RANS method for 
boundary layers regions and a LES method in the outer regions. 
II.3. Historic review of numerical models employed for VAWT simulation  
Due to the flow nature over rotating blades, the modeling of the unsteady component of the 
ﬂow requires a time accurate model; also the large amount of the shedding vortices suggests 
that the model should be sensitive to the numerical dissipation. Typically, the performance of 
a VAWT is obstructs by the mutual aerodynamic interactions between the blades, which are 
due to the wakes generated by the blades. This means that the flow inside the whole rotor 
diameter must be modeled properly; in order to avoid numerical dissipation. The spatial 
resolution of the grid must be ﬁne not only in the region near the blade wall but over the entire 
rotor. Moreover, the correct use of a turbulence model and near-wall model is essential for the 
best prediction of lift and drag forces which are sensible to the variation of flow angle of 
attack. Previous investigations have resorted to RANS models; due to the best prediction of 
lift and drag forces. 
For a single-bladed NACA0015 VAWT, Simão Ferreira et al. [48] carried out a comparison 
between two URANS models (Spalarte-Allmaras and k-ε) and the LES and DES models with 
experimental vorticity visualizations. Authors outlined that the DES model can predict better 
the experimental results as compared to the other models. However it should be noted that the 
lift and drag forces found with this model are very close to those obtained with the RANS 
models. This suggests that the use of RANS models is very hopeful for the VAWT modeling. 
The listed researchers have resorted to these models (Hansen et al [49], Allet et al [50], 
Paraschivoiu et al [51], Paraschivoiu et al [52] and Paraschivoiu [53]))  
Iida et al. [54] utilized both LES model and momentum model to simulate the flow over a 
three straight bladed NACA 0018 VAWT. For tip speed ratio equal or higher than 3, the 
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power coefﬁcients found with the two models are very close. The LES model described 
accurately the flow structures interactions, leading to power coefﬁcients close to the 
experimental ones. Chao Li et al [55] investigated the practicability and the precision of three 
different CFD approaches, namely 2D URANS, 2.5D URANS and 2.5D large eddy 
simulations (LES). The 2.5D model contrasts with a full 3D model in which only a certain 
length of blades is modeled with periodic boundaries at the two extremities of the domain. 
Among the three tested methods, 2.5D LES generated the best agreement with the 
experimental results.  
II.3.1. The realizable     model 
The realizable     turbulence model has been developed by Shih et al [56] it contains a new 
transport equation which accounts the turbulent dissipation rate. In the standard     model, 
the model coefﬁcient has a constant value; however, in the realizable     model the 
coefficient is expressed in terms of the turbulence properties, this comportment consistent 
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In these equations,   is the turbulent kinetic energy and   is the dissipation rate of the kinetic 
energy.    is the generation of turbulence kinetic energy due to the velocity gradients.    is 
the generation of turbulence kinetic energy due to buoyancy.    is the ﬂuctuating dilatation 
contribution to the overall dissipation rate .    and    are user-deﬁned source terms.    and 
  are the turbulent Prandtl numbers for   and   respectively.    is the turbulent viscosity. 
   ,   and     are the constant parameters of the model. The Realizable     model usually 
shows better results for swirling and separating ﬂows compared to the standard     model.  
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II.3.2.The Large Eddy Simulations model  
 LES subgrid-scale models 
 
The Wall Adapting Local Eddy-Viscosity model is based on Smagorinsky approach. This new 
formulation makes it possible to take into account the turbulent areas where the vorticity is 
higher than the deformation ration and to give a good approximation to the subgrid-scale 
turbulent viscosity. Nicoud and Ducros [57] estimated the subgrid-scale turbulent viscosity as: 
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Where   is the von Karman constant,   is the distance to the closest wall,   = 0.325 is the 
WALE constant and it has been found to yield satisfactory results for a wide range of flow. 
II.4.Near-Wall treatments in ANSYS Fluent  
Typically, the presence of walls influences turbulent flows. The tangential velocity 
fluctuations are reduced in the region close to the wall, due to viscous damping, while 
kinematic blocking reduces the normal fluctuations [58]. When we move toward the outer 
part of the near-wall region, however, the turbulence is quickly increased by the creation of 
turbulence kinetic energy due to the large gradients in mean velocity. The near-wall modeling 
affects deeply the accurateness of numerical solutions, due to the fact that walls are the main 
source of mean vorticity and turbulence. Generally, the solution variables have large gradient 
in the near-wall region where the momentum and other scalars occur to be more dynamically.  
 




Fig.II.1.Subdivisions of the Near-Wall region [58] 
Consequently, precise modeling of the flow in the near-wall region controls successfully the 
solution of the wall turbulent flows. Several investigations have shown that the near-wall 
region can be subdivided into three layers. The nearest layer, called the “viscous sublayer”, 
the flow is almost laminar and the viscosity governs momentum and heat or mass transfer. In 
the outer layer, called the fully-turbulent layer, turbulence shows an influencing role. The last 
region called buffer layer it located between the viscous sub layer and the fully turbulent layer 
where the molecular viscosity and turbulence have the same effects. Fig.II.1 illustrates these 
subdivisions of the near-wall region. 
II.5.Wall functions versus near-wall model 
Conventionally, there are two approaches to resolve the near-wall region. In the first one, the 
regions of viscous sub layer and buffer layer are not resolved. As a replacement, semi-
empirical formulas called “wall functions” are used to connect the two previous regions and 
the fully-turbulent region. The use of wall functions avoids the requirement to modify the 
turbulence models due to the presence of the wall. In the second approach, the turbulence 
models are modified to allow the viscosity-affected region to be resolved with a finer mesh at 
the wall, including the viscous sub layer. These two approaches are shown schematically in 
Fig.II.2. 




Fig.II.2.Near-Wall treatments in ANSYS Fluent [58] 
The foremost scarcity of all wall functions is that the numerical results worsen under 
refinement of the grid in the wall normal direction   values less than 15 will progressively 
result in absolute errors in wall shear stress and wall heat transfer. ANSYS Fluent has taken in 
charge to provide more advanced wall formulations that need a regular mesh refinement 
without a worsening of the results. Those wall formulations are the default for all  -equation-
based turbulence models. For the  -equation-based models, the Menter-Lechner and 
Enhanced Wall Treatment (EWT) are used. Also for the Spalart-Allmaras model 
  insensitive wall treatment is used and it permits to use this model independent of the near-
wall   resolution. If the resolution of the boundary layer is sufficient, accurate numerical 
results for the wall boundary layer will be obtained. 
The minimum number of cells to cover a boundary layer accurately is around 10, but value of 
20 is required.  Another method to improve the boundary layer modeling is the increase in 
mesh refinement in the wall-normal direction. Typically the supplementary increase in mesh 
refinement means additional computing costs. 
For unstructured meshes, it is preferable to generate layers near the wall with 10–20 or more 
layers for an accurate modeling of the flow near the wall boundary layers. The thickness of 
the layer should be calculated to ensure that around 15 or more nodes are essentially covering 
the boundary layer. This can be verified after a solution is obtained, by analyzing the turbulent 
viscosity, which has a maximum in the middle of the boundary layer – this maximum gives an 
indication of the thickness of the boundary layer (twice the location of the maximum gives the 
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boundary layer edge). It is essential that the prism layer is thicker than the boundary layer as 
otherwise there is a danger that the prism layer confines the growth of the boundary layer 
[58].  
 Recommendations:  
 For the   -equation, use Menter-Lechner (ML-  ) or Enhanced Wall Treatment (EWT-  )  
 If wall functions are favored with the -   equation, use scalable wall functions 
 For the  -equation based models, use the default   -insensitive wall treatment -  
equation 
 For the Spalart-Allmaras model, use the default -  insensitive wall treatment. 
 Wall Functions 
Wall functions are a set of semi-empirical formulas and the solution variables at the near-wall 
cells and the corresponding quantities on the wall. The wall functions comprise 
 law-of-the-wall for the mean velocity and temperature (or other scalars) 
 formulae for the near-wall turbulent quantities [ 58] 
Depending on the choice of turbulent model, ANSYS Fluent offers the following choices of 
wall-function approaches: 
 Standard Wall Functions 
 Scalable Wall Functions 
 Non-Equilibrium Wall Functions 
 User-Defined Wall Functions 
II.6. Flow control by using backward flapping wings  
II.6.1. Model description 
The developed model consists of a three-bladed Darrieus VAWT, at each blade of 
NACA0021 profile, is associated a pair of after-positioned NACA0010 profile flapping  
wings (Fig.II.3).The main geometrical features of the considered rotor are summarized in 
Table 1.   




Fig.II.3. Photographs for the VATT models over one revolution. 
 
Fig.II.4.Model geometrical characteristic 




Number of Principal blade (N) 2 
Number of Flapping wing (N0) 6 
Principal blade profile NACA0021 
Flapping wing blade profile NACA0010 
Principal blade cord C  [mm] 85.8 
Flapping wing cord C0 C/3 
Spoke-blade connection 0.25C 
Distance between flapping wing in 
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II.6.2. Motion modeling 
 
Fig.II.5. Schematic diagram for the instantaneous airfoil position 
Typically for a VAWT, the blade experiences a rotating motion. Rotating motion is governed 
by the following equation:   
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Where         is the instantaneous rotating angle.    is the blade initial azimuthal angle. The 
flapping motion of the backward wings is governed by the following laws: 
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The system of equations represents a circle-sinusoid in cartesian system where      is the 
instantaneous airfoil position along the x axis,      is the instantaneous foil position along the 
y axis,   is the instantaneous angular position relative to flapping foil center, a0 the maximal 
amplitude of the ﬂapping movement,   is the radius of the middle circle,        is the 
pulsation and represents also -relative to the middle cercle- the number of periods of 
sinusoids,   is the time. The flapping wings are fixed on the c/4 position, which yield to two 
degree of freedom a circular translation and a rotary oscillating around the neutral position. 
 
Fig.II.6. Illustration of the position axles of the two flapping foils in one revolution 
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II.6.3. Computational domain and boundary condition 
The employed grid quality and the extent of the computational domain play an important role 
in the accuracy of the CFD simulation results. The problem is even more critical when the 
technique of dynamic mesh is used, this is attributed to the fact that the evaluation of the 
aerodynamic forces generated by an oscillating wing is obtained by integrating the pressure 
on a mobile walls. 
The computational analysis type 2D or 3D is a key parameter to consider. T. Maître et al [27] 
outlined that 2D analysis was sufficient and able to predict the real 3D ﬂow in the turbine. 
The two works of Nabavi et al [59] showed that higher blade aspect ratio H/C = 10 and lower 
chord ratio C/R = 0.1 to 0.2 leads to both lower 3D and unsteady effects. Authors have been 
proved that 2D simulations better represent the experiments. In order to allow a full 
development of the wake, the employed far-field is extended 37 rotor diameters upwind and 
60 rotor diameters downwind (practically the same grid dimensions used by Castelli et al. 
[60].  
The stationary wall boundary is selected –no slip condition– for all solid boundaries. To 
ensure the continuity in the ﬂow ﬁeld between the fluid domains, the interface condition has 
been adopted. For the external borders of the fluid domain, the corresponding boundaries 
conditions are:  
 Outflow condition imposed in the outlet border, which is a Newman condition, used 
for modeling the flow where the details about the flow velocity and pressure are not known 
and the outlet flow is supposed to be a fully developed flow. 
 
Fig.II.7. Computational domain dimension and the boundary conditions 
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 Velocity inlet condition: imposed in the inflow boundaries (Inlet, Upper and Lower 
borders): is a Dirichlet condition and it consists of specifying the velocity for those borders by 
one of the available ways in ANSYS. 
 
                            Fig.II.8. Diagram for unsteady time step. 
The numerical simulation is carried out using Ansys-Fluent 15.0. The SIMPLE algorithm is 
used for the pressure-velocity coupling. The 3rd order MUSCL convective scheme 
(Monotone Upstream-Centered Schemes for Conservation Laws) is used for all transport 
equations discretization. It improves the spatial precision by reducing the numerical diffusion. 
Within a temporal iteration a User Deﬁned Function (UDF) is adopted to control the dynamic 
mesh and to compute the instantaneous forces and moment for the flexible turbine blades. 
(Fig.II.8)  
II.6.4. Meshing strategy 
The adopted meshing strategy resides in the dividing of the calculation domain in five zones 
as it is illustrated in Fig.II.9 (a) and (b). The zone 1 contains the blade-foils sets, and is 
animated by a rotation motion. The zone 3 contains the flapping foils (Fig.II.9 (b)) and is 
meshed with triangular cells. Zone 3 is secured on the foil; this fact allows keeping the same 
undeforming fine mesh in the area surrounding the airfoil. The zone 3 slides inside the Zone 
2. This sliding is performed through both the sliding mesh strategy and a layering technique 
Figs.II.10 and II.11. The entire (zone 1-3), slides in the zone 4 which is kept immobile. The 
equations governing the synchronized flapping motion are integrated in the User Deﬁned 
Compute flow  













Update and calculate the new mesh (Using Dynamic Mesh 
remeshing technique). 
Calculate force & moment 
using User Defined Function 
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Function (UDF) in order to govern the generation and the progress of the meshing in different 
zones. 
  
Fig.II.9. a: The different meshing zones of the proposed model 
 
b: Zooming scale of the meshing around a blade and wings set . 
 
Fig.II.10. Technique of sliding mesh between zone2 and zone 3 
ZONE 4 
ZONE 5 




Fig.II.11. Deforming mesh between zone2, zone 3 and zone 4 
To confirm that the employed grid near the wall is sufficiently fine and capable to detect all 
phenomena that occur near the wall, the dimensionless wall value is employed which is 
defined as: 
    
    
 
                                                       II.16                                                                                                                     
where y is the distance from the wall at cell center and ν is the kinematic viscosity 
(             for water).    √
  
 ⁄   is the friction velocity.    
   
  
⁄   is the wall 
shear stress deﬁned by the normal velocity gradient at wall. 
The same mesh refinement showed by Amet et al [61] is followed .For a similar Reynolds 
number, using a k-w model Amet et al [61] simulated the flow around a vertical axis water 
turbine. The airfoils are surrounded with a finer mesh in which y+ at the wall adjacent cell is 
chosen around 1, corresponding to a cell size of         
II.6.5. Dynamic updating mesh strategy 
 Sliding mesh technique  
The sliding mesh technique lets adjacent grids to slide relative to one another. So, the grid 
faces do not need to be associated on the grid interface. This state requires a technique of 
computing the flux across the two non-conformal interface zones of each grid interface. To 
calculate the flux, the intersection between the interface zones is determined at each new time 
step. [58] The resulting intersection produces one interior zone (a zone with fluid cells on 
both sides) and one or more periodic zones. If the problem is not periodic, the intersection 
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produces one interior zone and a pair of wall zones (which will be empty if the two interface 
zones intersect entirely), as shown in Fig.II.12. The number of faces in these intersection 
zones will vary as the interface zones move relative to one another. Principally, fluxes 
through the grid interface are calculated using the faces resulting from the intersection of the 
two interface zones, rather than from the interface zone faces themselves.  
 
Fig.II.12. Zones created by Non-Periodic interface intersection [58]. 
In the example shown in Fig.II.13, the interface zones are composed of faces A-B and B-C, 
and faces D-E and E-F. The faces a-d, d-b, b-e, etc are generated by the intersection of these 
zones. Faces produced in the region where the two cell zones overlap (d-b, b-e, and e-c) are 
grouped to form an interior zone, while the remaining faces (a-d and c-f) are paired up to form  
a periodic zone. To compute the flux across the interface into cell IV, for example, face D-E 
is ignored and faces d-b and b-e are used instead, carrying information into cell IV from cells 
I and III, respectively. 
 
Fig.II.13.Two-dimensional grid interface [58] 
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 Layering method  
The dynamic mesh strategy used in this part is the Dynamic Layering Method available in 
ANSYS FLUENT 15.0, which consists of adding or removing layers of cells adjacent to the 
moving boundary, based on the its height [58]. 
 
Fig.II.14. Illustration of the layering technique allowing the sliding of zone 3 in zone 2 (zone 
3 is secured on the foil). 
The dynamic mesh model in ANSYS FLUENT 15.0 allows us to specify an ideal layer height 
on each moving boundary. The layer of cells adjacent to the moving boundary (layer j in Fig 
II.15) is divided or merged with the layer of next cells (layer i) based on the height ( ) of the 
cells in layer j. 
 
Fig.II.15. Dynamic layering method.  
Once the ideal layer height ( ) is specified, during the motion of the boundary FLUENT 
proceeds in one of those two manners: If the cells in layer j are expanding, the cell heights are 
allowed to increase until 
                      II.17 
Where   is the minimum cell height of the layer j,   is the layer split factor. When this 
condition is reached, the cells are splitting based on either the cell height-based or the cell 
ratio-based.  
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 If the cells in layer j are compressed, the cell heights are allowed to compress until 
                   II.18 
Where   is the layer collapse factor.  
II.7. Flow control by using flexible flapping wings  
 II.7.1. Problem description  
The proposed device consists of a vertical axis wind turbine VAWT with a NACA 0010 
flexible airfoil (Fig.II.16, 17, 18).The flapping frequency is controlled relatively to the turbine 
axis by the number of periods of sinusoids   (Fig.II.19). The frequency is chosen to be close 
to the reduced frequency of the rotor frequency of the blades. The investigation encompasses 
the amplitude a0/c from 0.1 to 0.5 and the flapping frequency parameter    from 2 to 4. The 
turbine operates at different angular velocities, for a constant incoming flow velocity of 3 m/s. 
The main geometrical features of the tested rotor are summarized in Table 1. 
Table II.2. Main geometrical features of the flexible turbine model 
Drotor[mm] 440 
Hrotor[mm] 1(2Dsimulation) 
Number of  blade (N) 2 
Principal blade profile NACA0010 
Principal blade cord C  [mm] 50 
Incoming flow velocity m/s 3m/s 
  
II.7.2. Motion modeling  
For the flexure motion, the proﬁle of the ﬂexible airfoil is given by the following equations: 
Along the   axis 
      
  
 
            
                             II.19 
And along the   axis 
      
  
 
            
                             II.20 
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Where a0 denotes the ﬂexure amplitude and   denotes the phase angle.         is the 
instantaneous airfoil position along the x axis,        is the instantaneous foil position along 
the y axis, and   is the time .  
   and    are the local coordinates of airfoil relative to the pitching axis. 
Typically for a flexible VAWT, the blade experiences a rotating motion in addition to its 
flexure motion. Rotating motion is governed by the following equation:                                   
           (   
 
 
)                         II.21 
 
Where       ) is the instantaneous rotating angle.    is the blade initial azimuthal angle  
Relative to the turbine center, the instantaneous deflections of the airfoil along the x and y 
axes are deﬁned by:  
                                                                         II.22 
                                                                         II.23 
Where  (    )is the instantaneous airfoil position along the   axis.         is the 
instantaneous airfoil position along the   axis.    and    are the local coordinates of airfoil 
relative to the pitching axis.                are the deflection amplitudes along the   axis 
and the   axis respectively.  
For a blade with flexible trailing edge, the deflection amplitudes are then given by: 
              (
 
     
          )
 
                                II.24 
              (
 
     
          )
 
                                II.25 
Where a0 denotes the foil displacement at the trailing edge as shown in ﬁgure 2 ,   denotes 
the phase angle,   the turbine radius,   the blade chord,     the pitching center and    the 
flexibility coefﬁcient.  
For a blade with camber deformation, the deflection amplitudes are then given by: 
For              : 
          (
 
  
          )
 
               II.26 
          (
 
  
          )
 
               II.27 
And for             : 
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              (
 
     
          )
 
         II.28 
              (
 
     
          )
 
        II.29 
The dynamic Remeshing technique has been used; the selected parameters are summarized in 
Table II.3. 
Table II.3 dynamic mesh parameters 
Minimum length scale 0.0001 
Maximum length scale 0.0005 
Maximum cell skewnesse  0.67 
Size remeshing interval  6 
Spring constant factor 0.3 
Boundary node relaxation  1 
Convergence tolerance  0.001 
 




𝜃     
𝜃   8   
Flexible trailing edge 
Flexible camber deformation 
Rigid blade 




Fig.II.17. Schematic diagram of the deforming turbine blade (a) flexible trailing edge (b) 




Fig.II.18. Flexible airfoil deformation for (zi=4)  
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II.7.3. Meshing strategy 
The adopted meshing strategy resides in the dividing of the calculation domain in two zones 
as illustrate in Fig.II.20. The zone 2 contains the blade-foils sets, and is animated by a 
rotation motion. The zone 1 is a fixed zone meshed with a triangular cell. The zone 2 slides 
inside the Zone 1. 
 
Fig.II.20. Simulation domaine zones 
 
Fig.II.21. Zooming scale of the mesh around the flexible blade 
II.7.4. Dynamic updating mesh strategy  
 Spring-Based smoothing  
For spring-based smoothing, the edges between any two mesh nodes are idealized as a 
network of interconnected springs [58]. The initial spacing of the edges before any boundary 
motion constitutes the equilibrium state of the mesh. A displacement at a given boundary 
node will generate a force proportional to the displacement along all the springs connected to 
the node.  
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 Re-meshing method 
On zones with a triangular or tetrahedral mesh, the spring-based smoothing method (described 
in Spring-Based Smoothing) is normally used. When the boundary displacement is large 
compared to the local cell sizes, the cell quality can deteriorate or the cells can become 
degenerate. This will invalidate the mesh (e.g., result in negative cell volumes) and 
consequently, will lead to convergence problems when the solution is updated to the next time 
step. To circumvent this problem, ANSYS FLUENT agglomerates cells that violate the 
skewness or size criteria and locally remeshes the agglomerated cells or faces. If the new cells 
or faces satisfy the skewness criterion, the mesh is locally updated with the new cells (with 
the solution interpolated from the old cells). Otherwise, the new cells are discarded.  
 
Fig.II.22. Dynamic re-meshing method 
II.8. Conclusion  
In this chapter, the suggested models to control the flow over vertical axis wind turbines 
VAWT‟s are exposed. Then, we present both the flexible and the backward flapping-wings 
motions. The two dynamic mesh strategy‟s that used in the present study are showing. The 
layering method consists of adding or removing layers of cells adjacent to the moving 
boundary, based on its height. In Re-meshing method the edges between any two mesh nodes 
are idealized as a network of interconnected springs. A displacement at a given boundary 








CH.III. RESULTS AND DISCUSSION 
 
III.1 Introduction  
To produce clean and renewable energies, wind and tidal flows were the most used sources. 
Till now this ﬁeld is dominated by the rotary machines. Due to its simple design and its easy 
installations, the vertical axis wind turbine (VAWT) is one of the most promising devices. 
However, its efficiency still relatively low compared to horizontal axis turbines.  
Ordinarily, the conventional VAWT has a rigid blade, this simple design resulting in low 
energy extracting efficiency due to the stall that occurs at a large flow angle of attack. This 
fact has stimulated and encouraged the researchers to make improvements and to develop new 
control methods to bring closer their efficiency nearly to the one of the horizontal axis 
turbines. Evaluating from the fluid analysis perspectives, the dynamic stall is responsible, not 
only of the efficiency's dropping, but also responsible in structural vibrations and acoustic 
noises. To cover this gap, a set of flow's control techniques have been developed in which 
they can be classified in; passive control techniques or active control techniques. 
In this chapter, firstly, a rigid blade vertical axis turbine (original turbine) is simulated. 
Secondly, an actively deformable ﬂexible blade is studied. Different forms of flexible blades 
are investigated which are: 
 A blade with flexible trailing edge  
 A blade with camber deformation 
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III.2. Simulation of the flow across a vertical axis wind turbine (rigid blade) 
Firstly, the case without control is presented to highlight the natural phenomena that occur 
during the rotation of the turbine especially the dynamic stall phenomena. The investigation is 
carried as a two-dimensional (2D) simulation, several authors [27],[61] were shown that a 
two-dimensional simulation is able to properly predict the performance of the machine when 
providing some simulation criteria (fine mesh, the appropriate turbulence model).  
 
   
   
   
   
 
Fig.III.1 Flow field around a VAWT blade in one revolution. 
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To understand the mechanism by which the turbine harvest energy and how do the 
interactions between the blades and the incoming flow affect the turbine performance, general 
descriptions of the fluid structures interactions and the main vortices trajectories inside the 
turbine are represented as a function of the blade azimuthal position. 
In general, large vortices of the size of the blade have been detected during the rotation of the 
turbine. From Fig.III.1 it can be seen an attached flow at azimuth position     . When the 
effective incidence angle increases with azimuth angle (Fig.III.2) typically the flow begins to 
separate at the trailing edge for an azimuth position      .Then the separation point travels 
toward the leading edge forming a recirculation zone at suction surface and the blade is in a 
mild stall. Once the azimuth angle passes 30 degrees, the vortex grows rapidly with the 
increase of azimuth angle, and the lift coefficient increases proportionally to the angle of 
attack during this development (Fig.III.4). 
For an azimuth position between        and       , the detached vortex keeps growing 
and interacts with a new growing vortex at the trailing edge, leading to an important energy 
dissipation, which affects the lift coefficient that grows nonlinearly. When the blade moves 
toward an azimuth angle      , the vortex growth up and begins to leave the blade surface 
and the blade be in a deep stall, which drops suddenly the lift coefficient. The peak of the lift 
coefficient is registered at      . At   9  , a secondary vortex is formed at the trailing 
edge, which contributes positively in the increase of the aerodynamic forces during the down-
stroke motion. From Fig.III.2, for all values of tip speed ratio  , the incidence angle develops 
symmetrically relative to a given azimuth angle. So increasing the azimuth angle, the angle of 
attack begins to decrease after       . For this angle, the induced vortex sheds from the 
blade suction surface and transferred in the near wake, then, the flow becomes attached when 
the blade comes to azimuth angle of 180 degrees.  
At the downstream, the depression conveyed from the pressure side of blade to the suction 
side (Fig.III.6) and the angle of attack began to increase (        see Fig.III.2. Therefore a 
reversed flow occurs at the trailing edge, which increases significantly the drag force (Fig. 
III.3).The peak of the drag coefficient in the down-stroke motion is about 50% of that in the 
up-stroke motion. This behavior is attributed to the fact that the performance of a VAWT 
turbine rotor is exposed to common aerodynamic interaction between the blades.The common 
aerodynamic interactions are due to the wakes produced by the blades (Fig. III.5).Which is a 
function of air ﬂow incident and solidity of the turbine.  
 
 




From Fig.III.1, it can be determined that the blade has practiced four stages: attached flow, 
minor stall, deep stall, and reattached flow. The trailing edge flow separation creates mild or 
minor stall, and the entire shedding of the leading edge vortex entered the blade in a deep stall 
and the lift coefficient reaches its peak value. 
 
 
Fig.III.2. Flow incidence    versus the blade position    for several tip speed ratios   
 
Fig.III.3. Instantaneous drag coefficient against the incidence angle     





































































Fig.III.4. Instantaneous lift coefficient against the incidence angle   . 
 
Fig.III.5. Downstream wakes contours at λ = 1.4. 
  
Fig.III.6. Pressure contours at λ = 1.4. 
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III.3. Flow control by using flexible blades  
In this section, the effect of a blade with flexible trailing edge on the VAWT performance is 
examined. The mechanism is inspired from the vortex control mechanism, utilized by certain 
aero-/aqua- animals to improve their propulsion performance via their ﬁns. The flexible blade 
is designed to move regularly around a fixed axis aiming to control the flow near the blade 
boundary layer and the vortex interaction between blades. 
III.3.1. Model validation    
To validate the model under study, a flexible wing in plunging motion studied by Miao et al. 
[46] is simulated (Fig.III.7). In their investigation, for various Reynolds numbers and reduced 
frequencies, a systematic parametric study is performed on the effect of chord-wise ﬂexure 
amplitude on unsteady aerodynamic characteristics of single ﬂexible airfoil in plunge motion. 
Fig.III.8 shows the variation of instantaneous drag coefficient for a reduced frequency  
    
  
     , non-dimensional plunge amplitude        , and Reynolds number    
      Results show that a negative drag is observable. This thrust force that is locally 
generated in the near wake corresponds to a reverse Kármán vortex street as it is frequently 
observed in ﬁsh-like locomotion and ﬂapping wing ﬂight. It is obvious that the results 
obtained with the current solver compare well with those of Miao et al [46]. Therefore, it can 
be concluded that the current solver can be used for the present investigation.  
 
 
Fig.III.7. Plunge and deﬂection motion of single ﬂexible airfoil [46]. 




Fig.III.8. Validation of computational model, compared to publish results.  
 
For best prediction of the turbine blade instantaneous momentum coefficient, the mesh size 
dependence test (Fig.III.9) is performed for several grids of increasing density ranging from 
about 80.000 up to 160,000 cells. The test confirms that a grid that contains about 142.000 
cells can predict accurately the momentum coefficient and the ﬂuid ﬁelds, this grid is used for 
all simulation following cases. After a time-step size test, a constant time-step equal to         
is considered.   
 
Fig.III.9. Instantaneous momentum coefficient for several grids 
III.3.2. Mechanism of turbine performance improvement   
It is well known that the flexibility of flapping wings can obviously provide an improved 
energy extraction performance which can never be achieved with rigid wings.  
To examine the mechanism by which the flexible wings influence the turbine performance a 
comparison between rigid blade turbine and flexible blade turbine in term of instantaneous 
blade lift coefficient, torque coefficient and pressure distribution is carried out. Fig.III.10 (a) 
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and (b) show respectively the instantaneous moment coefﬁcients and the instantaneous blade 
lift and drag coefﬁcients against time. As can be seen the flexible blade generates a larger lift 
and momentum than the rigid ones. The lift peak increases from 1.85(rigid) to 3 (flexible) and 
momentum peak from 0.25 (rigid) to 0.4 (flexible). This behavior is attributed to the 
mechanism of leading/trailing edge vortices stability and shedding (Nakata [62], Liu et al 
[63]). It is generally accepted that a wing with a flexible trailing edge can boost the size and 
the strength of leading edge vortex (LEV). When the LEV growth a suction zone is 
simultaneously formed which typically increases the pressure difference between the foil 
upper and lower surfaces. Thus, the power extraction efficiency can be improved by 
increasing the peaks of lift and moment coefﬁcients. 
Fig.III.11. displays the pressure contours for the rigid and the flexible blade at two azimuthal 
position       and       . As can be seen a signiﬁcant pressure difference between 
original and controlled turbines occurs near the leading edge. In which the largest negative 
value is displayed by the flexible controlled turbine, this is attributed to the boosting of the 
size and strength of LEV (Fig.III.12) which ensures a source of suction zones that can 
effectively improve lift and momentum forces. Note that the blade lift force is due to the 
difference in pressure between the blade‟s upper and lower surface. For all lift-type turbines 
the enhancement of the blade lift force means an augmentation of the turbine torque and 
therefore, an improvement of energy extraction performance. 
 
 Fig.III.10. Comparison of (a) instantaneous moment coefﬁcients and (b) instantaneous blade 
lift and drag coefﬁcients against time for different blade turbines. 
Fig.III.13 illustrates the downstream wakes contours for both cases; original and flexible 
configurations. It is seen that for the original turbine large vortices appear in the downstream 
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which compromises the turbine efficiency. However, for the controlled turbine, the flapping 
flexible foils prevent the development of large vortices by giving rise to small size vortices in 
their wake.  
 
Fig.III.11. Comparison of blade surface pressure coefﬁcient distributions at      with 
a0/c=0.1 zi=2. 
 
Fig.III.12. Comparison of instantaneous vortex contours at       with a0/c=0.1 zi=4. 
 
Fig.III.13. Comparison of downstream wakes contours at       with a0/c=0.1 zi=4. 
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III.3.3. Deflection phase effect: 
 
Fig.III.14. Instantaneous momentum coefficient for different blade turbines. 
   
Fig.III.15. Comparison of instantaneous vortex contours at       with a0/c=0.1 zi=2. 
As it is mentioned previously, the boosting of the size and strength of LEV ensures a source 
of suction zones that can effectively improve lift and momentum forces. Typically an internal 
deformation generates a smaller LEV and therefore a smaller suction zone than rigid blade 
(Fig.III.15), which affects negatively the turbine performance. For the comparison among 
three turbines tested. It is seen that, the turbine blade with external deformation reaches a 
maximum momentum coefﬁcient among three turbines (Fig.III.14). This is attributed to the 
change in the flow angle of attack.  Examination of the vortices contour associated with the 
internal deformation case indicates that a vortex sheds without attached to the blade suction 
surface, which leads to a deep stall interpreted by a drop in the torque coefficient (Fig.III.14).  
After a preliminary comparison between original and controlled turbine, a systematic 
parametric study is further conducted. 
III.3.4. Output power 
The examination of the effect of varying flapping frequency and flexure amplitude on energy 
extraction efficiency is carried out for a frequency controlled parameters ranging between 
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      and 8 ,and a plunging amplitudes of  a0/c =0.1 to 0.5, for a tip speed ratio between 0.6 
and 1.9.  
 Oscillating frequency effect 
The effect of oscillating frequency on the time distribution of moment coefﬁcient Cm, power 
coefficient CP, lift coefficient CL and drag coefficient CD is shown in Figures.III.16 (a) to 
(c). As it can be seen from this ﬁgures, for all tested cases the peak moment coefficient is 
registered at the first quarter of the turbine, which means that the most of energy is harvested 
between azimuthal coordinates 0° and 90°.  Excepting the case    8, all controlled cases 
create a higher moment peaks with a clear contrast in the case       for the case    8 , the 
CL,CD and CP curves display multiple peaks with  a smaller amplitudes due to the 
mechanism of vortex shedding caused by the blade deformation. For the other flexible turbine 
cases, all curves have the same trends as those of rigid blade case. However, a higher peak is 
registered for the flexible turbines. For the case      The peak CP increases from 2.5 to 4.2, 
the CL , CD and Cm peaks increase respectively from 1.8 to 3 , 1 to 1.6 and 0.25 to 0.4. This 
behavior is attributed to the control of LEV strength as compared to rigid blade. 
 
Fig.III.16.(a) Instantaneous blade moment coefficient versus   .(b) Instantaneous power 







































































































































Fig.III.17.(a) Time-averaged power coefﬁcient versus   .(b) Time-averaged input power 
coefﬁcient versus   
 
Fig.III.18.Time-averaged efficiency coefﬁcient versus  . 
The effect of varying flapping frequency on the  mean power coefﬁcient is shown in Fig.III.17 
(a). Taking a closer look at power coefficient curves, it can draw the common features: for 
low tip speed ratio      , the power coefficient    is represented by a quasi-linear 
evolution until a critical point which represents      , and next it decays with the further 
increasing of tip speed ratio. For all      , the foil oscillating with       produces much 
higher   . The maximum power coefﬁcient is 0.2764 which is about 38.2% times that of 
original turbine.  
It can be found that with this strategy of control a wider range of high power coefficient is 
feasible. For the turbine efficiency improvement, the use of high flexure frequency zi=8 
performs worse than that of rigid blade. A drop of about 50 % in the output power coefficient 
is registered. This behavior is due to the change in the flexion direction that has been 
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discussed in the section III.3.3. This indicates that this case is not useful as compared to the 
conventional rigid turbine. Typically, the efficiency improvement is obstructed by an increase 
in input power. Fig.III.17 (b) displays the variation of the average input power coefficient 
with tip speed ratio for different cases. It can be noted that the input power coefficient tends to 
increase with the rise of tip speed ratio values for all cases. Fig.III.18 shows that the 
efficiency curves have the same behavior as that of power coefficient. To check the effect of 
flapping frequency on the flow structures interactions, Fig.III.19 depicts a comparison of 
instantaneous vortex contours for the case zi=16 and zi=4 (note that the case zi=16 is not 
offered in the previous results, it is a case that simulated only to show the flow structures 
interaction). 
For the case zi=16 it is seen that the large vortices that is frequently obtained in the rigid blade 
turbine are breakdown due to the high flexure motion, which weakens the mutual interaction 
between blades.  In spite of this advantage, this case has a lower efficiency due to the fact that 
the blade experience a suddenly change in the direction of deformation which causes a serious 
loss in pressure and therefore a loss in the lift and momentum forces. 
 
Fig.III.19. Comparison of instantaneous vortex contours at       with a0/c=0.1 . 
 Oscillating amplitude effect 
For a frequency controlled parameter     , the effect of oscillating amplitude is considered. 
It is seen that a similar trends as those of rigid blade are registered for the quantities   ,   , 
   and   ( Fig.III.20). The maximum instantaneous Cm coefﬁcient is 0.41 which is about 
64% times that of the original (rigid) turbine. Taking a look to the instantaneous power 
coefﬁcient shown in Fig.III.20 (b), an increase of 40%   , as compared to the original 
Zi=16 Zi=4 
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turbine, is possible with both oscillating amplitudes a0/c =0.5.and a0/c =0.3. This behavior it 
attributed to the fact that for a frequency controlled parameter      , the maximum flexure 
amplitude is achieved at the second quarter of the turbine, which is a region of post stall. Thus 
the entire enlargement of the LEV is done but delayed. And the increase of flexure amplitude 
from a0/c=0.3 to a0/c=0.5 is not sufficient for the turbine improvement.To achieve a best 
performance, large oscillating amplitude must be chosen with which the LEV is effectively 
controlled.  
 
Fig.III.20. (a) Instantaneous blade moment coefficient versus   (b) Instantaneous power 
coefﬁcient (c) Instantaneous lift coefﬁcient (d) Instantaneous drag coefﬁcient .  
The effect of oscillating amplitude on the time-mean power coefﬁcient and the time average 
input power coefficient is shown respectively in Fig.III.21 (a) and (b). For a comparison 
among all cases, It can be seen that the turbine with the largest amplitude of a0/c =0.5 and 
a0/c =0.3 displays the highest power coefficient, in which an increase of 25% as compared to 
original turbine is possible. The time-mean power coefﬁcient values becomes smaller when 
the oscillating amplitude decreases from a0/c =0.5 to a0/c=0.1. For the case a0/c=0.5 the input 
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power factor appears to be greater with 5–10 % than that of the two cases a0/c=0.3 and 
a0/c=0.1.  
 
Fig.III.21.(a) Time-averaged power coefﬁcient versus   .(b) Time-averaged input power 
coefﬁcient versus  . 
 
Fig.III.22. Time-averaged efficiency coefﬁcient versus    
The variation of turbine efficiency coefficient is depicted in Fig.III.22. Typically this factor is 
equal to zero for the rigid blade turbine. It can be seen that this factor tends to increase with 
the rise of tip speed ratio values. Fig.III.22 indicates that the efficiency has the same behavior 
as that of power coefficient.  Fig.III.23 illustrates that the increase in the flexure amplitude 
lead to a larger vortex size in the blade wake. It should recall that for the best performance, 
large oscillating amplitude must be chosen in the first quarter of the turbine, with which the 
LEV is effectively controlled. Thus the enlargement of the LEV affects in advantage the 
performance of the VAWT.  




























































































Fig.III.23. Comparison of instantaneous vortex contours at       with       
In this section, it is shown that the proposed active flow control mechanism that consists in 
the use of a flexible turbine blade instead of rigid blade can improve energy extraction. 
Computational results indicate that for a tip speed ratio      , a frequency controlled 
parameter        and a flexure amplitude         , the peak power coefﬁcient (  ) rises 
about 38% relative to the original turbine.  
III.3.5.Airfoil shape effect 
The effect of flexible airfoils types and blades flexibility on the net output power is proposed. 
To this end, five different flexible airfoils (Symmetric and Non-symmetric) are employed 
(Fig.III.24). 
 
Fig.III.24. Photographs for the flexible airfoils shapes at       . 
The present section investigates the effect of flexible airfoil shapes on the vertical axis tidal 
turbine performance. Thus, symmetric (NACA0024, NACA 0010) and non-symmetric 
𝑎  𝑐      𝑎  𝑐      
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(AG18, S_1014, FX66SS196) airfoil shapes are employed. Results indicate that, for both rigid 
and flexible blades, the turbine based of the symmetric NACA0024 airfoil can generate the 
highest torque as compared firstly to the symmetric NACA0010 airfoil; this means that the 
airfoil thickness has an important impact on the turbine performance with or without the new 
concept of flexibility. Secondly, compared to non-symmetric airfoils the symmetric airfoils 
produce wider torque which means that the stall can be delayed by using symmetric airfoils. 
A flexible thin airfoil (AG18) is absolutely not preferable as compared to rigid blade. The 
maximum NACA0024 instantaneous Cm coefﬁcient is 0.45 which is about 55% times that of 
the NACA0024 rigid blade turbine. The NACA0024 rigid blade turbine (without flexion) 
performs better than the AG18 and FX66SS196 flexible and rigid turbine. An increase in 
torque coefficient of 30%, 66.66%, 51.11% and 22.22% as compared respectively to NACA 
0010, AG18, FX66SS196 and S_1014, is achievable with the flexible NACA0024 airfoil 
type. 
Fig.III.25 shows (a) the instantaneous power coefficient for rigid airfoils and (b) the 
maximum instantaneous power coefficient for the flexible turbine case corresponds to zi=4 
and a0/c=0.1.  
 
Fig.III.25. Instantaneous power coefﬁcients for different airfoils zi=4, a0/c=0.1.       
 
Typically, the NACA0024 turbine which has the maximum instantaneous Cm coefﬁcient will 
generate the maximum power coefficient. It can be seen that the power coefficient is shifted 
right by increasing the airfoil thickness, which mean that the turbine can extract energy for a 
large azimuthal angle and therefore large operating range (tip speed ratio) is expected for such 
configuration.  The gain in power coefficient     is depicted in Fig.III.26. It can be found 
that for the two airfoils S1014 and NACA0024 a similar gain is registered. Also using the 
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flexible blade is more efficient for the NACA0010 airfoil than the FX66SS196 and AG18 
airfoil. 
 
Fig.III.26. Gain in power coefﬁcients for different airfoils.  
The airfoil thickness has an important impact on the flow behavior and therefore on the 
turbine performance with or without the new concept of flexibility. Compared to non-
symmetric airfoils the symmetric airfoils produce wider torque which means that the stall can 
be delayed by using symmetric airfoils this is attributed to the fact that for non-symmetric 
airfoils the flexure motion increases the profile curving and then when the blade coming to 
large azimuthal angle, the vortices shed without attached to the blade suction surface 
(Fig.III.27), which leads to a deep stall interpreted by a drop in the torque coefficient. 
In contrast to the pressure contour associated with the other turbine blades, the NACA 0024 
(Fig.III.28) shows that the pressure is distributed correctly along the blade and a lessened ﬂow 
separation range is registered. For the AG18 and FX66SS196 turbines, blades are in deep stall 
and the high pressure region is delayed to the half of the blades which interpreted by a drop in 
the output power coefficient. 



















Fig.III.27. Comparison among instantaneous vortex contours.  
 
Fig.III.28. (a) Pressure contour for AG18 and FX66SS196 turbines 
 




Fig.III.28 (b) Pressure contour for NACA0024 and S_1014 turbines. 
III.3.6. Effect of flexible coefﬁcient     
To study the effect of flexible coefﬁcient    (see equations II.24 to II.28 chapter II) on the 
output power, the NACA 0024 it selected. Fig.III.29. depict the blade deformation for 
different   values. As it is shown, the degree of flexibility is controlled by the factor  , where 
  equals to 1 means a rigid wing.  Fig.III.30. (a) and (b) introduce the blade flexibility effect 
on the instantaneous momentum coefficient and the instantaneous power coefficient.  It is 
clearly seen that all flexible cases offer a higher momentum coefficient than the rigid case. 
Results reveal also that the degree of flexibility influences weakly the peak power and 
momentum coefficients. The mean CP coefficient increase about 5% by varying the flexible 
factor from 1 to 5.  
 
Fig.III.29. Effect of flexible coefﬁcient    on the blade shape 




Fig.III.30. Effect of flexible coefﬁcient   on the instantaneous power coefﬁcients 
(NACA0024).   
 
III.3.7. Effect of flexure length    
As it is mentioned in chapter II, the flexion is started from a given distance    (see Fig.III.31). 
In this section, the flexible coefﬁcient    effect is investigated. Fig.III.32 indicates that the 
maximum    of 0.3 and    of 0.41 is achieved for       . Increasing the flexible 
coefﬁcient    from 0.1 to 0.3, the peaks    drop respectively to 0.23 and 0.33. This behavior 
is attributed to the mechanism of LEV forming. The appropriate selection of this factor leads 
to an effective control of the LEV size and strength. 
 
Fig.III.31. Schematic diagram of the deforming turbine blade  

































Fig.III.32. Effect of flexible coefﬁcient    on (a) Instantaneous moment coefﬁcients and (b) 
Instantaneous power coefﬁcients (NACA0024) 
In practice, a distinction between air and water Darrieus turbines is necessary. For water 
applications, because of the fluid density, Darrieus water or tidal turbines are always 
associated with dynamic stall phenomena. For air, the Darrieus turbine is less affected. 
Ashraf [64] studied the eﬀects of a static camber deformation over the ﬂapping cycle on the 
flapping foil propulsive eﬃciency. The results indicated that the propulsive eﬃciency 
increased effectively for the first half of the ﬂapping cycle and decreased by about the same 
amount for the second half, which reveals that a time varying camber deformation will 
increase dramatically the eﬃciency. Hoke et al [65] outlined that the concept of time varying 
camber deformation can effectively improve the efficiency of a flapping airfoil power 
extraction system. In this section, the effect of camber deformation on the VATT performance 
is proposed. 
III.4. Flow control by flexible deformable blade with a time varying camber deformation 
(Tidal turbine) 
In order to investigate the effect of this type of deformation, a time varying camber 
deformation is applied by deforming the airfoil camber line via a sinusoidal circular arc. 
Evaluating from fluid analysis perspectives, a time varying camber deformation can 
effectively boost the size and the strength of the leading edge vortex (LEV). The camber 
deformation can be considered as a deflection of the trailing edge plus a deflection of the 
leading edge which controls firstly the flow angle of attacks and therefore the LEV time of 
growth (leading edge control) and secondly, the size and strength of the LEV (trailing edge 
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control). When the LEV grows up a suction zone is simultaneously generated, which increase 
the pressure difference between the upper and the lower surfaces of the foil. Thus, the peaks 
of lift force can effectively increase.  
III.4.1. Mechanism of the VATT performance improvement 
To delve into the mechanism by which the camber deformation affects the power extraction 
performance, the pressure distribution and torque are necessary to be examined in detail. To 
this end, the flexible case with      and a0/c=0.1 is examined. As a reference, the 
corresponding rigid blade case is also considered.  
 
Fig.III.33. Comparison between blade surface pressure distributions 
Fig.III.33 provides the instantaneous pressure coefficients. At azimuthal angle       the 
foil is at the middle position of the first quarter, which results in the maximum depression 
along the downward direction. At this moment, the leading edge vortex (LEV) that is 
frequently observed is fully developed; consequently, the instantaneous torque coefficient 
approximately achieves the maximum value (Fig.III.34). Due to the camber deformation, 
trailing edge vortices (TEV‟s) occur around the tip end (Fig.III.35) of the blade which can 
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simultaneously increase the pressure above the upper surface of the blade and decrease the 
pressure below the lower surface. As a result, the instantaneous torque can be boosted. When 
the blade undergoes the upward stroke       , the flow pattern is similar to that discussed 
in the trailing edge flow control section. 
The camber deformation can be considered as a deflection in the trailing edge plus a 
deflection in the leading edge which controls firstly the flow angle of attacks and therefore the 
LEV time of growth and secondly, controls the size and strength of the LEV.  
 
Fig.III.34. Comparison of instantaneous moment coefﬁcients for different blade turbines 
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III.4.2. Output power 
It will be very judicious to check the effects of varying the flapping frequency and the flexure 
amplitude on the energy extraction efficiency. The frequency is controlled between    =4 and 
12, while the extent of the plunging amplitudes is controlled between a0/c =0.03 and 0.2.  
While, the considered tip speed ratio is between 2 and 4.7.  
 Oscillating amplitude effect 
    
Fig.III.36. (a) Instantaneous blade moment coefficient versus   .(b) Instantaneous power 
coefﬁcient  .(c) Instantaneous lift coefﬁcient .(d) Instantaneous drag coefﬁcient  
For a controlled frequency   =4, the effect of oscillating amplitude is considered. It can be 
seen that a similar trends of the rigid blade is recorded for the quantities Cm, CP, CL and CD 
(Fig.III.36). By Taking a look to the instantaneous power coefﬁcient in Fig.III.36 (b), an 
increase of 42% for the CP compared to the original turbine, is possible with an oscillating 
amplitudes of a0/c =0.2 This behavior is attributed to the enlargement of the LEV.  
By increasing the flexure amplitude from a0/c=0.03 to a0/c=0.2 CL and CD increase 
respectively from 2 to 3 and from 1.1 to 1.5. To achieve a best performance, large oscillating 
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The effect of oscillating amplitude on the mean power's coefficient and the average input 
power coefficient is shown respectively in Fig.III.37 (a) and (b). For the considered cases, It 
can be seen that the turbines with the largest amplitude of a0/c =0.2 display the higher 
power's coefficient, the increase is about 42% compared to the original turbine. The power 
coefficient values increases with the increasing in the oscillating amplitude from a0/c =0.03 
to a0/c=0.2. For the case a0/c=0.2 the input power factor is greater than that of the case 
a0/c=0.03  about 23.52% for a tip speed ratio equal to 2 and about 6.36% for a tip speed ratio 
equal to 4.7. 
  
Fig.III.37. a) Time-averaged power coefﬁcient versus   .(b) Time-averaged input power 
coefﬁcient versus   
The variation of the turbine efficiency coefficient is depicted in Fig.III.38. Typically this 
factor is equal to zero for the rigid blade turbine. It can be seen that this factor tends to 
increase with the rise of tip speed ratio values. Also Fig.III.38 indicates that the efficiency 
curves have the same tendency of the power coefficient curves.  
 
Fig.III.38. Time-averaged efficiency coefﬁcient versus   
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 Oscillating frequency effect 
The effects of oscillating frequency on the instantaneous torque coefficient Cm, the 
instantaneous power coefficient CP, the lift coefficient CL and the drag coefficient CD are 
illustrate in Fig.III.39 (a) to (d).  
 
  
Fig.III.39. (a) Instantaneous drag coefﬁcient.(b) Instantaneous lift.(c) Instantaneous power 
coefﬁcient coefﬁcient. (d) Instantaneous blade moment coefficient versus    
 
It can be seen that, for all tested cases the peak of the moment coefficient is registered for an 
azimuthal angle    between 0° and 90°, which means that the greater part of the harvested 
energy is done between the azimuthal coordinates 0° and 90°. Moreover, excluding the case 
  =4, all controlled cases generate a lower moment peaks than the rigid blade turbine. For the 
two case    8 and       , the CL,CD and CP curves display multiple peaks with  a 
smaller amplitudes due to the vortex shedding that is caused by the blades deformation. For 
the case   =4, all curves have the same trends of the rigid blade. However, a higher peak is 
registered for the flexible turbines.  
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Fig.III.40 (a) Time-averaged power coefﬁcient versus   .(b) Time-averaged input power 
coefﬁcient versus   
 
Fig.III.41.Time-averaged efficiency coefﬁcient versus   
The peak CP increases from 0.3 to 0.41, the CL and CD peaks increase respectively from 1.8 
to 2.4 and from 1 to 1.24. This fact is attributed to the control of LEV strength compared to 
rigid blade. The effect of varying the flapping frequency on the mean power coefﬁcient is 
shown in Fig.III.40 (a). Taking a closer look to the power coefficient curves, it can be draw 
the common features: for low speed's tip ratio λ<3.5, the power coefficient CP follows a 
quasi-linear evolution until a critical point which corresponds to the Cpmax, after what it 
decreases with the further increase in the tip speed ratio. For all λ, the foil oscillating with 
  =4 produces the much higher CP. The maximum power coefficient is 0.46 which is about 
12.5% better than the original turbine. Therefore, the proposed control strategy in this work 
allows reaching a wider range of high power coefficient. By against, for the frequency   =8 
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and      , the efficiency of the turbine decreases, compared to the VATT with rigid blade. 
A drop of about 46 % in the output power coefficient is registered. This behavior is due to the 
change in the flexion direction that has been discussed previously. This indicates that this 
control case is not useful compared to the conventional rigid turbine. Typically, the efficiency 
improvement caused by an increase in input power; Fig.III.40 (b) represents the variation of 
the average input power coefficient in term of the tip speed ratio for different cases. It can be 
noted that the input power coefficient tends to increase with the tip speed ratio values for all 
cases. Fig.III.41 shows that the efficiency curves have the same behavior of the power 
coefficient curves. 
III.5. Flow control by using two backward flapping wings 
 
 
Fig.III.42. (a) Two flapping wings associated to the main blade of the turbine. (b) Slotted 
blade with oscillating ﬂap [29]. 
     
     
Fig.III.43. Instantaneous Z-Vorticity contours and the generated wakes for different 
azimuthal positions (λ=2.2, zi=40) 
Inspired from the classical strategy of flow control by using  slotted blade with oscillating 
ﬂap[29], the present section proposes a dynamic control device which consists in the 
association to each turbine blade, a couple of flapping wings, in biplane configuration. It can 
be seen that the proposed model allows; first, an excellent reattachment of the boundary layer 
Controlled turbine 
Original turbine 
𝜃      𝜃     𝜃  9   𝜃       𝜃       
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and great attenuation of the vortices magnitude around the blades, and secondly, a remarkable 
reduction of the generated wakes, then avoiding the interaction of the disturbed flow by 
different turbine blades (Fig.III.43). 
III.5.1.The effect of the proposed device on the turbine performance   
Fig.III.43 illustrates the vorticity contours of the flow relative to several azimuthal positions 
for both cases; the original configuration and the controlled configuration. The mains results 
are:  At the angle θ=0°; the contours of the vorticity show an attached flow in the main rotor 
blade for both cases, the stabilizer factor here is the viscosity. A net reduction of vorticity 
magnitude on the controlled blade is obtained, while counter-rotating vortices arise 
downstream of flapping-wings. For the angles adjacent 70°, a highly visible vortex appears 
along the original blade, resulting in a detached flow from the trailing edge and grows while 
going towards the leading edge. By against for the controlled turbine, the two flapping wings 
generate a phenomenon of reverse Karman Street. For the angles adjacent 120° the situation is 
highly critical because the vortex is detached closely to the leading edge, and simultaneously, 
and at the trailing edge in counterclockwise, another swirl grows. The flapping wings prevent 
the development of large vortices by giving rise to small size vortices in their wake. For the 
angles range 90° 350°, the flapping motion of the backward wings insures efficiently the 
reattachment of the separated boundary layer of the main blade, relative to the original 
turbine. This attachment is the result; firstly to the readjustment of the pressure field, and 
secondly to suction and acceleration of the fluid flow by the flapping motion. In conclusion, it 
can be noticed:  
For the original configuration:  
In general, and for most azimuthal positions, thick areas of recirculation flow are installed 
along the blade. Furthermore, energetic vortices are quickly detached from the blades. This 
phenomenon generates extended wakes occupying an important space. Mainly, the stall 
occurs closely to the leading edge and the generated wakes by previous blade interferes with 
the next one, which compromise the turbine efficiency. Strong dynamic stalls are encountered 
mostly in the azimuthal angle range between 90° and 180°. 
 For the controlled turbine: 
 A substantial attenuation of the flow recirculation is obtained. The controlling device results 
in the breakdown and the fragmentation of the large energetic vortices, it produces instead 
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smaller vortices. Moreover, the controlling device reduces substantially the extended of the 
vortex tails in the downstream wake, then avoiding, the interference with the disturbed flow 
caused by the previous blades.  
III.6. Comparison among flow control techniques  
For the comparison among flow control techniques, it is seen that the turbine blade with 
flexible deformation reaches a maximum power coefﬁcient among three turbines (Fig.III.45). 
This is attributed to the change in the pressure distribution along the blade. For the flexible 
blade strategy of control and for a tip speed ration of      , the peak CP increases from 
0.05 to 0.15, the CL and CD peaks increase respectively from 1 to 1.6 and from 0.5 to 1. This 
fact is attributed to the control of LEV strength compared to rigid blade. For the configuration 
of backward flapping wing the same trends as the original turbine are registered. 
 
  
Fig.III.44. Comparison between blades pressure distributions 
Examinations of the pressure contour (Fig.III.44) associated with the configuration of 
backward flapping wings indicate that the depression in the blade upper surface and the 
overpressure in the lower surface increase with the same amount which obstructs the 
improvement of the turbine performance, recall that the lift force is due to the difference  
between the blade upper and lower surface.  
In general, it can be concluded that: 
 The turbine performance improvement is related directly to the boundary layer flow 
control  
 The downstream wake control cannot enhance the turbine  energy extraction 
efficiency 
 





Fig.III.45.(a) Instantaneous power coefﬁcient (b) Instantaneous lift coefﬁcient (c) 
Instantaneous drag coefﬁcient.  
 
III.7. Conclusion   
The extraction of useful and usable power from the renewable energy sources requires the 
design and the use of specific and appropriate devices, which represents a real challenge that 
is not always easy to overcome.  This study falls within this issue. It deals with the efficiency 
improvement of vertical axis wind/tidal turbines. A Turbine competitiveness will depend on 
its level of performance, therefore, will depend directly and in large part, on the air flow 
behavior passing through it. It is therefore imperative to master and control the boundary layer 
attachment and the extended of the generated vortices and wakes. The proposed idea is the 
use of different active control techniques, the first one proposed an active flow control 
mechanism that consists in the use of a flexible turbine blade instead of rigid blade. 
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Computational results indicate that for a tip speed ratio      , a frequency controlled 
parameter        and a flexure amplitude         , the peak power coefﬁcient (  ) rises 
about 38% relative to the original turbine. The second one utilizes a flexible deformable blade 
that change shape during the turbine rotation. A time varying camber deformation is applied 
by deforming the airfoil camber line via a sinusoidal circular arc. Numerical results show that 
this strategy of control indeed enhance the VATT performance. For a tip speed ratio λ=3.5, a 
frequency   =4, and a flexure amplitude a0/c=0.2; the power coefﬁcient (CP) rises about 40% 
relative to the original turbine. The third one consists of the association to each turbine blade, 
a couple of flapping wings, in biplane configuration. The proposed model ensures an excellent 
boundary layer reattachment and an important attenuation in the magnitude of the generated 
vortices, and a rapid mitigation of the generated wakes, then avoiding, the interference with 








GENERAL CONCLUSIONS  
Wind and tides have been considered as promising renewable sources for energy extraction 
and electricity generation. The two sources share many similarities concerning energy 
harvesting. In recent decades, the wind industry focused totally in the Horizontal Axis Wind 
Turbine (HAWT) as the best tools for electricity generation, based one efficiency and 
scalability, consequently, this technology has been deeply developed. The use of vertical axis 
wind or tidal turbines remained less investigated due to this fact. 
Newly, the interest is converted to vertical axis turbines technology due to its potential 
advantages as an aerodynamic or hydrodynamic device. The VAWT can be an efficient 
alternative to HAWT due to its simple installation, cost and its insensibility to flow direction.  
In this thesis, new flow control strategies are proposed to improve the turbine efficiency, the 
first is a VAWT having flexible deforming blades, the second is a control by using backward 
flapping wings. The numerical model has been validated against experimental results. A 
better understanding of the complex flow behavior across the VAWT has been achieved. The 
ultimate objective was the proposition of a robust and efficient model of VAWT. This goal is 
achieved by computational tool that can provide a detailed description of the flow behavior 
and the entire related data, at relatively short time and low cost. If an experiment is 
performed, the computation will reduce its cost by building only the optimum or near-
optimum prototype. The combination between the simulations and the experiments will 
powerfully speed up the VAWT development and bring it back to the top of the wind industry 
agenda. The Reynolds Average Navier Stokes (RANS) equations with a     turbulence 
model were applied using the commercial computational fluid dynamics software ANSYS 
FLUENT v15.0. With the objective of describing the extremely unsteady flow over the 
VAWT, an appropriate mesh around the geometry of the turbine blades and a transient solver 
were employed. 
The turbine rotation is performed through both the sliding mesh strategy and a layering 
technique. In order to govern the mesh generation in different zones, the equations governing 
the synchronized flapping motion are integrated in a User Deﬁned Function (UDF) instructed 
as a C++ code.  
The use of a flexible turbine blade instead of rigid blade indicates that for a tip speed ratio   
   , a frequency controlled parameter        and a flexure amplitude         , the peak 




This study examines also the effect of flexible airfoils types and blades flexibility on the net 
output power. To this end, five different flexible airfoils (Symmetric and Non-symmetric) are 
employed. Results show that, the use of a thick flexible symmetric airfoil can effectively 
increase the output power. An increase in torque coefficient of 30%, 66.66%, 51.11% and 
22.22% as compared respectively to NACA 0010, AG18, FX66SS196 and S_1014, is 
achievable with the flexible NACA0024 airfoil type. It is also apparent that blades having 
high flexibility are not recommended as compared to less ﬂexible or rigid blades. 
The use of camber deformation indicates that for a tip speed ratio λ=3.5, a frequency 
controlled parameter   =4, and a flexure amplitude a0/c=0.2; the power coefﬁcient (CP) rises 
about 40% relative to the original turbine. Performing a control by using backward flapping 
wings indicates that the turbine performance improvement is related directly to the boundary 
layer flow control, not to the downstream wake control. 
It is our hope that the proposed models and their future developments can be used in 
commercial scale to support the implementation of VAWT technology as viable, 
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    Dans le cadre de cette thèse, différents stratégies de contrôle d‟écoulement sont 
proposées pour améliorer les performances des turbines à axe vertical. La première stratégie 
est une turbine avec des pales flexibles, différents types de déformations sont étudiés. La 
deuxième stratégie est un contrôle par des ailes battantes. Une meilleure compréhension du 
comportement d'écoulement complexe à travers les turbines a été achevée. L'objectif ultime 




      حاٌرلا قفدت ةبقارمل ةدٌدج تاٌجٌتارتسا حارتقا مت ،ةحورطلأا هذه ًف نٌسحتل  روحملا تاذ تانٌبروتلا ةٌلاعف
يدومعلا.   مادختسا ىلع ىلولأا ةٌجٌتارتسلاا تدمتعا ةنرم تارفش  ثٌح  ةسارد مترٌثأت هوشتلا نم ةفلتخم عاونأ.  اما
مكحتلا ىلع تدمتعاف ةٌناثلا ةٌجٌتارتسلاا  ناٌرجلاب ةقفاخ ةحنجأ مادختساب.  لضفأ مهف ىلإ لصوتلا متل دقعملا  كولسل
ناٌرجلل.  فدهلا ناكوجرملا  ةحورطلاا هذهلوه تقاًسأرلا روحملا تاذ تانٌبروتلل لاعفو يوق جذومن حار  تنسحت دقو
 ةقاطلا جارختسا ةءافكلكشب ظوحلم. 
 
  Abstract        
    In this thesis, new flow control strategies are proposed to improve the vertical axis 
turbines efficiencies, the first strategy was a turbine with flexible deforming blades. Different 
types of deformation are investigated. The second strategy was a control by using backward 
flapping wings. A better understanding of the complex flow behavior across the turbines has 
been achieved.  The ultimate objective was the proposition of a robust and efficient model for 
this type of turbines. The turbines energy extraction efficiency has been effectively improved.  
